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CHAPTER 1

INTRODUCTION

Storms that have hail producing capabilities can become quite destructive to
life, property, and agriculture. The National Weather Service (NWS) sets the size
qualifications for hail to be categorized as severe when it has a diameter greater than
1 in. As hail begins to grow, the damage potential begins to increase as does financial
losses, sometimes reaching over $1 billion (Hohl et al. 2002). With such destructive
potential of these convective cells, it has become imperative for weather services,
researchers, and the private sector to determine the likelihood of hail occurring during
a severe weather event, potential size of hailstones, and be able to alert anyone who
might be located where hail might be hitting the surface.
Tools have been developed in aiding forecasters and researchers to identify
areas within developing convective cells where the formation of hail becomes highly
probable. Infrared (IR) data of storms from satellite platforms have been used to
calculate temperature of the cloud top echo to estimate any ascending air that might
penetrate through the tropopause (i.e. overshooting tops) to determine hail possibility
(Adler 1985). This methodology has been used in finding a relationship between
infrared temperature and reflectivity factor to predict hail production and relative
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hail size (Auer 1994). Visible wavelength data were used to determine the optical
thickness of clouds, which can give the height of the cloud top echo; this method was
used to compare against the IR method (Bauer 1997). Satellite resolution limitations
and visible spectrum availability during daytime hours only makes developing hail
identification schemes through the use of radars a paramount goal.
Some of the early radar tools used in the detection of hail occurrence include
the employment of Vertically Integrated Liquid (VIL) water, comparing reflectivity
factor values among different wavelength bands, and height of maximum reflectivity
factor. VIL measures the amount of equivalent liquid water content in the vertical
profile of a storm; large increases of this quantity over short temporal periods are considered a good indicator of a storm gaining energy (Greene and Clark 1972; Amburn
and Wolf 1997). Other researchers found they could develop formulas based upon the
ratio of reflectivities from S-band and X-band radar systems (i.e. the dual-wavelength
approach), which could calculate the possibility of hail occurrence (Atlas and Ludlam
1961; Eccles and Atlas 1973). Donaldson (1960) examined a connection between the
height of maximum reflectivity factor and the likelihood of hail production. Most
of these tools investigated the attributes of the storms to determine the likelihood
of hail production during these severe events, but tend to neglect the more direct
measurements of hail features.
The radars available to researchers and forecasters of that era were limited in
discriminating between rain and hail particles. Signals sent from the radar systems
to the radar antenna had the beam polarized to the horizontal. This was done to get
an estimate of reflectivity factor using the horizontal diameter of rain drops. Wind
2

tunnel studies on the effects of falling raindrops show that as raindrops grow, these
particles become more oblate as they descend due to drag and water surface tension
(Pruppacher and Beard 1970; Beard and Chuang 1987). As the diameter of rain
drops increases, the major axis becomes greater than the minor axis, making the
target become more oblate. Rasmussen and Heymsfield (1987) showed that in the
presence of melting, hail can develop a water torus and, similar to raindrops, can
become more oblate. Limiting polarization to one channel (i.e. horizontal) made
previous radar systems incapable of handling the complexities of shape and size for
defining areas of only hail, only rain, or mixtures of the two.
In order to accommodate such oblate hydrometeor shapes, dual-polarized
radar systems were developed. Where the radars of the past were horizontally polarized, these new systems added the capability to include scans consisting of radar
signals that could also be vertically polarized. Not only are these systems effective in
detecting an estimated horizontal diameter, they could also obtain an estimated vertical measurement of the target hydrometeor at the same time. With dual-polarization
capabilities, this led to the development of new radar variables to infer new attributes
of the radar targets including oblateness, hydrometeor type variability, and orientation. This has led to many studies into hail identification using dual-polarized radars,
which has been used by NWS in issuing their watches and warnings for severe events
(Herzegh and Jameson 1992; Smyth et al. 1999; Heinselman and Ryzhkov 2006).
Most of the early research was conducted with S-band radar systems due to
their prevalence in the NWS NEXRAD radar network plus several many research
radars (e.g. CSU-CHILL, NCAR CP-2 and S-POL, NASA N-POL, etc.); however,
3

the number of C-band systems has grown. For the same beamwidth, these systems
utilize a much smaller antenna than their S-band counterparts, which helps in making
these radar systems cheaper to buy and install. Since these systems have lower
initial cost, they have recently become the prime radar system to use in universities,
private research companies, and local television stations. Foreign weather services
(e.g. Canada, Europe) have also seen these systems as a keen way to create an
affordable radar network in their respective countries. With this growth of C-band
usage, as well as the physical and performance differences between radars of different
wavelengths (resonance, attenuation, etc.), the demand for such hail identification
schemes and strategies that are accurate at C-band has grown as well.
Comparative studies on dual polarimetric signatures of hail are scarce. Kaltenboeck
and Ryzhkov (2013) collected a dataset of hail producing storms near Oklahoma City,
OK at both S- and C-band to compare. While their study showed promising results,
it consisted of only six storms. Having such a small sample could bias their results,
requiring the need for any future work to include a statistically significant number
of cases. Their study also focused on a comparison with C-band data from Austria,
which could lead to potential errors when comparing the results data from Oklahoma.
Taking into consideration the low number of previous studies in hail identification through dual-polarization radar variables and comparisons of such variables
between S-band and C-band, it is imperative to observe how these two radar systems
would perceive hail signatures. The hypothesis for this research is that due to the
physical nature of the C-band signal (wavelength, resonance etc.); dual polarization
variables will be different between these two radar bands over a larger sample size than
4

in previous work. Determining the validity of this hypothesis will require observations
of the hail cores inside of convective systems. Accomplishing this task will require
building a large enough dataset of hail reports gathered in the operating area shared
with both the ARMOR C-band radar and the WSR-88D S-band system located in
Hytop, AL. The created storm database will be examined both through statistical
calculations and visual representations of physical attributes. Results from this study
will not only showcase such differences, but also how these could be affected by certain microphysical processes (e.g., melting, shedding, water torus formation etc.). In
addition, the study will also attempt to answer the following queries:

• What is the range in values of the dual polarimetric variables in hail producing
cells for both S-band and C-band radar systems?
• What can cause differences in the values of polarimetric variables between the
S-band and C-band radar systems and even against previous studies?

Several quality control schemes will be applied to the created dataset to produce the highest quality data for this experiment. Such analysis will not only answer
the primary questions, but will seek to prove the validity of the stated hypothesis.
Chapter 2 goes into depth of the results of previous studies in relation to the experiment, as well as details of the radar variables and their respective properties.
Chapter 3 introduces the methods and quality control schemes used in the creation
of this dataset. Chapter 4 presents the core results and physical attributes in the
comparison of S- and C-band hail signatures as well as discussing what physical and
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microphysical parameters lead to these results. Chapter 5 lists out the conclusions
taken from the experiment as well as any future work that could be done.
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CHAPTER 2

BACKGROUND

Before describing the experiment, it is important to delve into hailstone properties, dual polarimetric variables, and previous studies performed. This background
provides a solid foundation for not only the experiment but in the analysis of any
and all results and conclusions. The first section will review hailstone attributes that
affect signal returns: composition, shape, water torus, fall behavior, and shedding.
The second section defines the utilized radar observations of reflectivity factor, differential reflectivity, and correlation coefficient along with resonance. Concluding this
chapter will be a section dedicated to hail signature research, broken into subsections
by radar band and combination studies.

2.1

Hail Properties

Calculations of dual-polarization variable are dependent on several characteristics of hailstones. With the influence of hailstone physical properties being quite
significant, it requires understanding before proceeding. The physical processes to be
discussed are the following: composition, shape, water torus, fall mode and shedding.

7

Because it is important to contrast hail and rain radar signatures, some physical
properties of rain drops will be mentioned as well.

2.1.1

Composition
When an ice core grows into a hailstone, it can go through two different pro-

cesses which can affect the composition of ice and water. These processes are known
as dry growth and wet (spongy) growth. During dry growth, water that makes contact with the ice particle freezes instantly with the surface of the ice particle, which
is below the freezing point. In wet growth, the hail surface is at 0◦ C, deterring all
collected water from freezing instantaneously. This causes the hailstone to grow with
a wet surface. The collected water on the surface of the hailstone that does not
eventually freeze can either be shed off or stored inside capillaries and imperfections
throughout the ice particle (Rogers and Yau 1989). This process results in hailstones
being less than 100% ice, being a mixture of ice and water (Knight 1968; Balakrishnan and Zrnić 1990). The implications of growth processes on dual-polarization radar
variables will be more apparent when dielectric constant is discussed in Section 2.2.

2.1.2

Shape
Areas of rain differ from those consisting of hail in relation to dual-polarimetric

variables. Rainfall in S-band has more positive differential reflectivity values, greater
than 1 dB (Aydin et al. 1986). This result is due to the more oblate nature of raindrops. As raindrops increase in size they become more oblate (Herzegh and Jameson
1992), as made evident with the relative shape of different sized raindrops shown in
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Figure 2.1: Adapted from Beard and Chuang (1987). This is a diagram of Sessile
drop profiles for a range of diameters 1 to 6 mm for raindrops. This image shows the
overall shape of raindrops as they increase in size. As raindrops grow larger, they
become more oblate, developing a flat base where the weight of the raindrop is acting
on the horizontal supporting surface.

Figure 2.1 from Beard and Chuang (1987). It shows the increase in oblateness as
diameter increases, primarily due to the interactions of hydrostatic pressure, surface
tension, internal circulations, and aerodynamic pressure (McDonald 1954; Pruppacher
and Beard 1970), which will affect the polarimetric variables introduced in Section
2.2.
Although hailstone shape can vary from a simple sphere to more complex,
irregular shapes, an oblate spheroid with some axis ratio (i.e. minor axis/major axis)
less than 1 is most common. Pruppacher and Klett (1997) note that oblate hailstones
with diameters of 1 to 5 mm have an axis ratio of 0.95 while those with 50 to 60
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mm diameters have axis ratios of 0.7 and 0.6. This disparity between the sizes is
due to the amount of time a hailstone spends collecting cloud droplets, raindrops,
or ice particles with a strong enough updraft. Enough riming on a hailstone surface
can lead to the development of such irregular and more importantly, non-spherical
targets. Hailstone shape as well as influences from composition and orientation can
have different effects on the various radar variables, as discussed further in Section
2.2.

2.1.3

Water Torus

Figure 2.2: Figure adapted from Rasmussen and Heymsfield (1987). This figure
shows how melting will affect dry and wet hailstones over a length of time, including
the development and shape of a water torus in the last step.

One of the most significant microphysical processes that occur on a hailstones
trajectory to the earths surface is melting. Melting mainly exists beneath the 0◦ C
layer within a convective system during its decent. Small hailstones tend to collect
10

any of the resultant meltwater around their ice cores forming a water shell around the
core while larger hail tends to shed off excess drops, limiting the size of the formed
torus (Kumjian et al. 2010). If the melted hail particle does not melt completely
it can form a water torus, especially if the stone diameter is greater than 1.3 mm
(Rasmussen and Heymsfield 1987). Figure 2.2 shows a diagram of melting effects
on both wet and dry hail over time, ending in the development of meltwater and a
water torus. This water torus has some important consequences on fall mode of the
hail, as well as the polarimetric variables, which will be discussed in their respective
subsections.

2.1.4

Fall Mode
When a hailstone falls to the earth, its orientation can be altered, affecting the

polarimetric radar measurements. If a hailstone falls and is of irregular shape, it tends
to oscillate around its vertically oriented minor axis, a motion known as symmetric
gyration; however, if the target is more spherical in nature, it will begin to cant
during its decent (Browning and Beimers 1967; Kumjian et al. 2010). This canting
can become quite significant as it begins to increase and orient randomly. Increasing it
enough will blur the differences between minor and major axes of hailstones, appearing
to the radar as an effective sphere from a statistical perspective. This fall mode
influences the value of polarimetric radar variables depending upon axis ratios and
the shape of the hailstones.
Water torus formation can actually affect the fall mode of a hailstone. The
water torus can be large enough to stabilize any canting that might be occurring
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with the particle (Rasmussen and Heymsfield 1987). This stabilization of the fall
mode allows the particle to achieve a much larger major axis oriented towards the
horizontal axis. Hailstones that might have been seen as spherical would be seen as
much more oblate than before. Any calculations and variables involving axis ratios
would be affected by the torus.

2.1.5

Shedding
While the water torus is quite influential in the calculation of dual-polarimetric

variables, the water drops shed from these stones can be quite significant. Rasmussen
and Heymsfield (1987) determined that each hailstone has a critical mass of water
in relation to its mass of ice. Once this limit is achieved, water from the hailstone
will begin to shed off in the form of water drops. Hailstones larger than 9 mm in
diameter are most likely to shed their water shells (Rasmussen and Pruppacher 1982).
Hailstone shedding can fill the target area of a radar scan with smaller drops that
if significantly numerous and large enough, can affect the radar measurements. It is
important to note that shedding will not eliminate the entirety of water of the surface
of the hailstone. This will still leave radar variables susceptible to influence from the
presence of water on an ice particle.

2.2

Polarimetric Variables

There are several polarimetric radar variables that were created to help characterize the properties of hydrometeors. This study will only focus on three of them:
reflectivity factor, differential reflectivity, and correlation coefficient. This chapter
12

defines each variable, what it measures, and any factors that might affect their values. This section will end with a subsection about what role Mie scattering has in
the calculation and interpretation of these polarimetric variables.

2.2.1

Reflectivity
Reflectivity factor is the most well-known of the three variables used in this

experiment. This variable is used as a measure of number concentration of targets
as well as their diameter to the 6th power. Higher values can represent one of the
following scenarios: a large number distributions of a target within a given volume,
targets with large diameters, or a combination of both scenarios. Values of reflectivity
associated with hail will be discussed further in Sections 2.3.1 and 2.3.2.
Reflectivity factor is calculated by radars using the following equation from
Rinehart (2010):

zH,V =

Pr 1024ln(2)λ2 r2
π 3 Pt g 2 θφct|K|2 l

[mm6 m−3 ]

(2.1)

This formula consists of many radar constants particular to each radar. This
includes horizontal and vertical beamwidth (θ, φ),transmitted power (Pt ), wavelength
(λ), dielectric constant (|K|2 ), gain (g) and attenuation (l). With the exception
of dielectric and attenuation, these other constants will not change during different
situations. For C-band, attenuation is corrected using differential phase, as referenced
in Section 3.4. For S-band, it is often assumed that attenuation is negligible (though
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that may not always be true). This leaves reflectivity factor to only consist of dielectric
and two variables, target range from radar (r) and received power (Pr ).
Dielectric constant and power received would require changing both according
to what targets and target attributes the radar is observing in real time. Different
types of particles have various values for dielectric constant, and power received is
based upon which scattering region a target is in (more on this topic in Section 2.2.4).
When a water shell or torus forms around a melting hail particle, it can enhance
reflectivity factor significantly due to the change in dielectric and shape alteration
(Aydin and Seliga 1990). Trying to change these parameters for reflectivity factor
would be difficult to accomplish.
To mitigate such limitations, reflectivity factor is typically calculated with
radars using what is known as equivalent reflectivity factor. This method has two
main assumptions: that targets are Rayleigh-Gans scatterers, and the dielectric is
kept constant for water. Keeping the dielectric can affect the value of power received
when a target goes from one phase of matter to another, and thus can affect the value
of reflectivity factor. More about scattering in regards to reflectivity factor will be
discussed in Section 2.2.4.
The formula usually goes through a mathematical operation to put it on a
logarithmic scale and in units of decibels (dB) of reflectivity factor.

ZH,V = 10log10 ZH,V
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[dBZ]

(2.2)

This version of reflectivity factor helps researchers and the general public in
interpretation of reflectivity factor values, since it otherwise has a very large dynamic
range.

2.2.2

Differential Reflectivity
One of the major limitations of reflectivity factor is that it is only sensitive

to a diameter in one orientation. While this can provide an apparent size, it lacks
enough data to give information on the shape of a particle. Without knowledge about
particle shape, it is hard to distinguish between hydrometeors, especially at high
reflectivities (>45 dBZ). To get around this limitation, a variable was developed to
take into consideration both horizontal and vertical orientations of reflectivity factor;
this variable was differential reflectivity. Aydin et al. (1986) defined the formula as
a ratio between horizontal and vertical reflectivity factors:

ZDR = 10log10

ZH (mm6 m−3 )
ZV (mm6 m−3 )

[dB]

(2.3)

The values of ZDR can be both positive or negative, based upon the ratio
of ZH to ZV . When it is equal to zero, the horizontal reflectivity factor is equal
to the vertical reflectivity factor and the target shape is interpreted as spherically
or effectively spherical. Negative values means the vertical dimensions is larger and
positive values means the horizontal dimension is larger. The more oblate a particle
is, the larger its ZDR will be. Typical values of ZDR will be listed in the previous
S-band studies in Section 2.3.
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ZDR values can be affected by the properties of the hail stone itself. The
canting and random orientation of a falling hail stone can make an irregular shaped
hailstone an effective sphere, driving values to 0 dB (Balakrishnan and Zrnić 1990;
Herzegh and Jameson 1992). With the formula for ZDR based upon the same formulas
for ZH,V , this makes differential reflectivity open to influence by a change in dielectric.
When hailstones begin to collect meltwater, it can enhance ZDR , especially if it has an
oblate water torus (Aydin and Seliga 1990). Any formed water torus not only makes
the hailstone more oblate across the major axis, but stabilizes the hailstone, reducing
canting to a minimum, and putting the minor axis orientation to the vertical. These
water torus effects will increase ZDR . Shedded drops, if numerous enough; can modify
the signal as well as resultant ZDR . ZDR is also sensitive to resonance effects in hail
especially at C-band. More will be discussed regarding resonance impacts on ZDR
signatures of hail in Section 2.3.1 (S-band) and Section 2.3.2 (C-band).

2.2.3

Correlation Coefficient
The last variable used in this experiment is the correlation coefficient. This

parameter measures the correlation between the horizontal and vertical backscattered
powers. The formula for computing correlation is the following from Balakrishnan
and Zrnić (1990):

ρHV (0) =

| < SH i SVi ∗ > |
[< |SH i |2 >< |SV i |2 >]0.5
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(2.4)

SH i and SV i are the backscattering coefficients of the ith hydrometeor at horizontal and vertical polarizations with <> brackets symbolizing average over the entire
ensemble of particles. The value returned is a decimal fraction that represents the
complexity of the scanned area, with lower values representing more variety in hydrometeor shape, fall mode, dielectric, and type. If scatterers have a diameter at
least a tenth of wavelength, it can cause ρHV to drastically drop. When this occurs,
targets begin to scatter in the Mie regime; this is known as resonance or resonant
scattering. More resonance effects on dual-polarimetric variables will be discussed
next in Section 2.3.1.

2.2.4

Mie Scattering (Resonance)
It should be noted that these formulas are based under the assumption that

the targets are considered Rayleigh scatterers. Targets are considered to be such
scatterers when they have diameters considerably smaller than the wavelength of the
radar. Each radar has a range of target sizes that can be considered such scatterers
dependent upon wavelength. Figure 2.31 shows as the targets in the green region
(Rayleigh-Gans), the backscattering area grows proportion to diameter increase.
Once a target is about a tenth of the size of the wavelength, they become known
as Mie scatterers. In this region, such targets would give higher Pr returns than this
at Rayleigh-Gans. This higher power can lead to an overestimate of backscattering
area. Returning to the previous image, it has the Mie region being the red area. The
1

http://www.radartutorial.eu/01.basics/Rayleigh-%20versus%20Mie-Scattering.en.html
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proportional relationship that was seen in Rayleigh-Gans is no longer valid, where
values of backscattering area begins to oscillate with increasing diameter size.
With such larger values of Pr and experimental backscattering, this can cause
dual-polarimetric variables to become overestimated. The theoretical formula for ZH
is from Aydin et al. (1986):

λ4
ZH = 5
π |K|2

Z

Dmax

σH (D)N (D)dD

[mm6 m−3 ]

(2.5)

0

This calculation would be dependent upon the number distribution, target
diameter to the 6th power for Rayleigh scatterers as the backscattering cross-sectional

Figure 2.3: Figure adapted from the following website: http://www.radartutorial.
eu/01.basics/Rayleigh-%20versus%20Mie-Scattering.en.html. This is a diagram of
the relationship between backscattering cross-sectional area (vertical axis) and target size (horizontal axis) for a target in different scattering regions. Green area is
Rayleigh-Gans, red is Mie, and blue is the Optical region. Values have been normalized to be applied to all radar wavelengths.
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area is proportional to 6th with scatterers in that region. Other scatterers (e.g. Mie
and optical), would not have this relationship. This theoretical value would return
values of reflectivity different from those calculated using the radar equation, due to
higher Pr and higher backscattering cross-sectional areas than the theoretical formula,
leading to unnatural values. This can also manifest itself in the altering of ZDR ,
according to which axis it affects.

2.3

Previous Studies

The last section will delve into the previous studies of dual-polarimetric hail
signatures according to radar wavelength band. First section will cover S-band studies, since this band has been studied more as well as its results being more straightforward. Next will be the C-band studies, covering any work that has been done. Finally,
any studies that examine a comparison between these two bands will be discussed.

2.3.1

S-band Studies
S-band ZH,V for hail signatures have typically large values due to the size,

shape, and dielectric constant of hail compared to rain by itself. The higher the
reflectivity factor, the more likely hail is occurring inside of a convective system.
Aydin et al. (1990) found a high accuracy of hail reports matching the area of
greater than or equal to 55 dBZ at lower levels. If the hailstone targets have large
enough diameter, they can dominate ZH,V returns, leading to much higher values.
ZDR varies according to the attributes of the hailstones. Negative values can
occur through a couple of different reasons. One theory is when hailstones have their
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major axis oriented towards the vertical (Aydin and Seliga 1990; Hubbert et al. 1998;
Straka et al. 2000; Scharfenberg et al. 2005). Payne et al. (2010) also stated that
giant hail could cause resonance effects at S-band which may give a negative value for
ZDR . Such values can occur when three-body scattering occurs on a hailstone target.
This process occurs when the radar signal is reflected off the surface of the hailstone
towards the Earth’s surface. The power is then reflected back to the hailstone and
finally back to the radar. The radar would interpret the signal of the received power
of the entire trip and apply it to the same range and azimuth as the hail signal, thus
affecting the calculation of polarimetric variables (Hubbert and Bringi 2000). Large
hail tends to be of a spherical shape and tumbles, resulting in a ZDR near 0 dB (Bringi
et al. 1986; Aydin at al. 1990; Straka et al. 2000). Water-coated hailstones increase
ZDR values by changing dielectric constant from ice to water or mixture of ice and
water (Straka et al. 2000).
With raindrops and hailstones having different ZDR values in the same ZH,V
area, one of the best indicators of hail occurrence in S-band signals has been created.
Inside these areas of high reflectivity factor, if hail is occurring, it can have an area
of 0 dB ZDR surrounded by larger values of ZDR (Aydin et al. 1986; Herzegh and
Jameson 1992; Scharfenberg et al. 2005; Depue et al. 2007). This signature indicates
where the main hail core is surrounded by rain. This pattern is commonly known as
the “ZDR hole” (Wakimoto and Bringi 1988) as seen in Figure 2.4 from Heinselman
and Ryzhkov (2006).
While this is a good method for dry hailstones, it does not necessarily hold
up as well in hail/rain mixtures or wet hailstones. As previously mentioned, the
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Figure 2.4: Adapted from Heinselman and Ryzhkov (2006). (a) is the reflectivity
factor and (b) is the differential reflectivity from a hail-reported storm. The white
cross is where the location of the hail was reported. The white cross is collocated in
an area of high reflectivity factor and low differential reflectivity surrounded by larger
values of ZDR . This is an example of a “ZDR hole”.

presence of water can increase ZDR due to the higher dielectric. Figure 2.5 from
Ryzhkov et al. (2013) shows the differences for ZH,V and ZDR across a size spectrum
of hailstones for both dry and wet surface conditions. Figures 2.5a and 2.5c show
that while ZH,V does increase as hailstones increase in size from 0 cm to 4 cm, ZDR
remains approximately 0 dB, which is the same sort of results that would create a
“ZDR hole”. However, wet hailstones paint a different picture. Figures 2.5b and
2.5d show as ZH,V increases when wet hailstones are larger, ZDR increases from a
diameter of 0 to 1 cm, maximizing at approximately 4 dB, before decreasing with
other local maxima throughout the rest of the size spectrum. This relatively high
ZDR at a diameter of 1 cm occurs due to wet hailstones of this size having a high
water fraction compared to other sizes and a peak of resonance scattering (Rinehart
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Figure 2.5: Adapted from Ryzhkov et al. (2013). The panels show ZH,V for dry
(a) and wet (b) hailstones and ZDR for dry (c) and wet (d) hailstones for different
sizes. The lines are the three different radar wavelengths used in their research: solid
black for S-band, gray dashed line for C-band and solid gray line for X-band. Dry
hailstones in S-band are approximately 0 dB for ZDR across the size spectra with
increasing ZH,V as the particles increase in diameter. Wet hail shows local maxima
of ZDR near 1 cm hailstones and decreases till another local maxima just before 6 cm.

2010), leading to the ZDR increase. Such an increase can be further exacerbated by
large raindrops from melting or shedding which could contribute significantly to or
even dominate the reflectivity factor signal.
Correlation coefficient tends to drop in the presence of melting hail. Correlation drops below 0.98 when melting hail is present (Heinselman and Ryzhkov 2006).
How far it drops is based upon hail size and mixture of hail and rain. As the hail sizes
get larger, correlation drops even below 0.9, even down to 0.7 with giant sized hail
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(Hubbert et al. 1998; Depue et al. 2007; Payne et al. 2010). As the diversity of hydrometeor types increases, this can lower correlation to below 0.9 (Scharfenberg 2005;
Depue et al. 2007). Resonance, melting hail, and large water drops can substantially
decrease correlation as well (Straka et al. 2000).

2.3.2

C-band Studies

Figure 2.6: Adapted from Kaltenboeck and Ryzhkov (2013). This figure show the
ZDR computed for increasing particle diameter for S-band (blue line), C-band (red
line), and X-band (green line). Panel a is for dry hailstones, and panel b is for melting
hailstones.

With C-band radar systems having smaller operating wavelengths than Sband, they can be more susceptible to resonance due to lower particle size threshold.
This can cause large raindrops and melting hailstones to be Mie scatterers (Kumjian
and Ryzhkov 2008). This has strong implications for both ZDR and ρHV . For example, Zrnić et al. (2000) did some sensitivity testing on C-band dual-polarimetric
radar variables. They found that raindrops having a diameter of 5 to 8 mm had a
nonlinear and non-monotonic dependence upon size. From Figure 2.6, melting hail
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causes similar dependencies for ZDR , with such various values across the size spectra
(Kaltenboeck and Ryzhkov 2013). S-band hail identification schemes will and do have
issues when trying to apply them to C-band systems.

Figure 2.7: Adapted from Meischner et al. (1991). This figure plots the ZDR of individual, equilibrium shaped raindrops against volume-equivalent spherical diameter
(D). Mie resonance occurs at 6 mm as demonstrated by the maximized ZDR of 8 dB.

ZDR tends to be much higher for C-band than for S-band in melting hail
and large raindrops. High reflectivity factor signifies areas most likely having hail,
but ZDR increases above 0 dB (Aydin and Girdhar 1992). Resonance and dielectric
changes can cause differential reflectivity to increase to 3 to 8 dB for melting hail
(Kumjian and Ryzhkov 2008; Tabary et al. 2009; Anderson et al. 2011). Meischner
et al. (1991) found that Mie resonance effects were quite strong on raindrops having
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diameters of 6 mm. Figure 2.7 shows the anomalously high ZDR on drops having a
diameter of 6 mm. Anderson et al. (2011) stated that the “ZDR ” hole used to identify
hail often is not typically present at C-band.
ρHV decreases more drastically at C-band due to the effects of resonance.
Kumjian and Ryzhkov (2008) found that in rain alone, values can drop to 0.93. Add
in melting hail, hail, and shedded drops, this resonance can be maximized for particles
above 5 mm in diameter (Zrnić et al. 2000; Ryzhkov et al. 2007; Anderson et al.
2011). Correlation values have been recorded to drop normally to 0.8 even as low as
0.7 in these situations (Boodoo et al. 2009). This lowering can make hydrometeor
identification difficult. With such low values even for just rain, ρHV alone cannot
easily be used alone to discriminate hydrometeor types at C-band (Tabary et al.
2009).

2.3.3

Comparative Studies
These following studies focused more on how each wavelength system compares

to the other. Above the melting layer, reflectivity factor is greater at S-band than
C-band, due to the dominance of dry hail in this area (Ryzhkov et al. 2009). Below
the melting layer, this can be reversed when rain and resonant particles dominate the
signal (Ryzhkov et al. 2009; Picca and Ryzhkov 2012).

Differential reflectivity is much higher below the melting layer at C-band. At
C-band, small hail and large raindrops likely dominate the reflectivity factor signals
over larger hail stones due to resonance. Figure 2.8 presents the statistics found by the
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Figure 2.8: Adapted from Kaltenboeck and Ryzhkov (2013). These are the vertical
profiles of both ZDR and ρHV for large and giant hail (larger than 1 cm in diameter)
for both S-band and C-band radars. The vertical axis is height from the 0◦ C layer.
The bold line is the median values and the dashed lines are the 5th and 95th percentiles
of the polarimetric variables.

Kaltenboeck and Ryzhkov (2013) comparative study of ZDR and ρHV in large/giant
hail. Near the surface, median differential reflectivity values for S-band are about
1 dB vs. 5 dB for C-band. S-band values show a decreasing trend in value while
C-band has no relationship. 5th percentiles of ZDR is usually higher for C-band than
S-band, except noticeably around -1 km, possibly from resonance effects. The 95th
percentile consistently shows ZDR being larger in C-band than S-band, maximizing
near the surface above 6 dB.
Correlation values showed large differences between the various studies. Picca
and Ryzhkov (2012) looked at the difference of correlation inside of a hail producing
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storm using ρHV (S) − ρHV (C). Throughout the core of the storm, correlation differed
from 0.2 to 0.4 between the two bands. In Kaltenboeck and Ryzhkov (2013), the
median values for correlation shows much weaker differences in the median and 95th
percentiles from Figure 2.8. At -1 km, which shows the greatest differences in median
values, median S-band ρHV is 0.96 while C-band is 0.89, a difference of about 0.07.
The 95th percentile is approximately equal, differing about 0.02 across the dataset.
5th percentiles show similar results to Picca and Ryzhkov (2012), with a 0.2 ρHV
difference at -2 km. This difference could be maximized due to melting, water torus
formation, and/or resonance since it occurs below the melting layer.
Previous studies have determined that if the polarimetric variables are going
to differ, it is most likely to occur below the melting layer. This location is where
melting has the greatest effect on hail particles, including the mixing of hydrometeor
types and increase in dielectric constant. This is the location in the storm where the
greatest values of differential reflectivity and the lowest values of correlation exist.
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CHAPTER 3

METHODOLOGY

The experiment was created in several steps; each will be covered in this
chapter. Data was gathered from two closely located radar systems (one S-band
and one C-band), and went through several quality tests to create the sample set to
compare.
Section 3.1 discusses the radars used including attributes of each system. The
database characteristics (e.g. temporal and spatial ranges, etc.) are explored in
Section 3.2. Section 3.3 covers the series of quality tests and checks the hail reports
and radar data were run through. Section 3.4 details how the coordinate system of
the vertical axis is used and altered, both in relation to determining vertical resolution
and changing the units using the melting layer height as the origin in the statistical
analysis. Section 3.5 explains how the data was plotted in the form of horizontal
and vertical cross-sections as well as statistical boxplots, and other mathematical
calculations. Finally, Section 3.6 discusses any errors that were discovered in the
development and running of the experiment.
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3.1

Radar Attributes

C-band data for this experiment comes from the Advanced Radar for Meteorological and Operation Research (ARMOR) radar in Huntsville, AL. This system
is operated and maintained through both UAH and local TV station WHNT. This
radar is located at the Huntsville International Airport. ARMOR radar has a flexible
scanning strategy based upon weather conditions. When no severe weather is occurring, the radar scans in a three low-level elevation angle scanning strategy (0.7◦ , 1.3◦ ,
2.0◦ ) designated RAIN1. During a severe weather event, PPI scans can be made in 2
to 5 minute segments of full sector volume scans as well as the capability of producing
RHIs (Petersen at al. 2007). Once the radar has made an entire 360◦ rotation, it
angles the beam into a higher elevation angle and repeats the procedure. Sometimes
this is only the lowest available elevation angles, or can continue throughout the vertical extent of a storm at a researchers or forecasters discretion. Data from ARMOR
is collected and gathered from UAH. This radar system is in an ideal location to be
compared with the S-band data from the WSR-88D.
S-band information was gathered from the local WSR-88D radar system from
the NEXRAD data archive operated by the National Centers for Environmental Information. The closest available system operated by the Huntsville, AL WFO is
located in Hytop, AL designated as KHTX. This radar operates under a PPI scanning strategy of doing 360◦ full volume scans that can take between 5 to 10 min
to complete (Crum and Alberty 1993). Two of these volume scans, also known as
volume coverage patterns (VCP), used during precipitating systems are the VCP 11
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and VCP 21. VCP 11 has elevation angles ranging from 0.5◦ to 19.5◦ and scans them
in 5 mins, while the VCP 21 selects 9 elevation angles between the bottom and top of
a storm and does it in 6 mins (Brown et al. 2005). The Hytop radar is located 70.4
km northeast of ARMOR, such that both radar systems cover a very similar area.
Attributes for both systems are provided in Table 3.1.
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Table 3.1: Contains the properties of both radars used in this experiment. WSR88D data comes from Rinehart (2010), and ARMOR properties are referenced from
Petersen et al. (2007).
RADAR NAME

WSR-88D (NEXRAD)

ARMOR

BAND

S

C

WAVELENGTH(cm)

10.71

5.33

FREQUENCY (GHz)

2.8 − 3.0

5.625

BEAM WIDTH(◦ )

1

1

POLARIZATION SCHEME

SIMULTANEOUS H/V

SIMULTANEOUS H/V

PULSE LENGTH (µs)

1.57, 4.5

0.4 − 2.0

PRF (Hz)

318 − 1403,317 − 452

250 − 2000

The ARMOR radar’s accuracy is maintained by performing absolute and relative calibration on the system. The absolute calibration of ZH is performed by direct
measurement of system power at key locations in the receiver and transmit chain,
frequent sun calibration scans, and using the dual-polarization self-consistency technique (Ryzhkov et al. 2005). The relative calibration of ZDR is performed using the
technique from Gorgucci et al. (1999). The ARMOR radar is pointed vertically into
a stratiform rain cloud and takes a 360◦ in azimuth. When the radar is looking up
at small raindrops, the raindrops should appear spherical, thus making ZDR approximately 0 dB. The radar is calibrated to make sure that the accuracy of this procedure
has ZDR within 0.1 to 0.2 dB.

31

While absolute calibration of ZH on the NEXRAD radars is done using the
same direct measurements of systems powers as ARMOR, relative calibration of ZDR
must be done using a different method since the NEXRAD radars cannot point vertically. NOAA’s calibration procedure is based upon testing bias in the radar antenna,
receiver, and transmitter. This measurement procedure is constantly being updated,
keeping the ZDR accuracy within the 0.1 to 0.2 dB range (Ice and Cunningham 2013).

3.2

Hail Database

The creation of the hail event database began through the collection of severe
hail reports from January 2012 to October 2014 in the Huntsville, AL WFO operating
area. Since KHTX only had dual polarimetric capabilities starting in January 2012,
this created the beginning of the time period for data analysis in this experiment.
When hail is observed to be making contact with the surface, these observations
are sent to the local Weather Service Office to create reports to specify when and
where hail has occurred at the surface, as well as hailstone size, county of impact,
and number of fatalities and injuries caused by hail. The Storm Prediction Center
(SPC) gathers all of these reports and puts them into the Severe Thunderstorm
Archive, where they can be indentified through an online query of location and time
of the severe weather event (Schaefer et al. 2004). Reports are finally brought into a
spreadsheet containing all relevant information for the experiment.
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3.3

Quality Control of the Dataset

Due to potential human error, hail reports from the SPC can be erroneous.
This can be due to the delayed measuring of relative size (Schaefer et al. 2004) as
well as the lack of population density at the reported location (Doswell et al. 2005).
With the possibility of such errors, the entire database of reports must be put through
some quality control measures to filter out any unusable ones. Using previous methods
utilized in both Anderson et al. (2011) and Kaltenboeck and Ryzhkov (2013) as a
baseline, a checklist was created based upon report location, reflectivity factor values
most likely with hail as explained in Section 3.3.1, as well as time and location of the
storm radar echo in question with respect to the report. Each report must adhere to
these restrictions; otherwise, it will be deleted and not be used in this experiment.

3.3.1

Determining Reflectivity Threshold
First step in the QC process compares the report with radar data of the hail

producing storm. In S-band data, the possibility of hail occurrences increases within
high reflectivity factor cores of convective systems. The usage of such a reflectivity
factor range has varied on threshold limits from 50 dBZ to 55 dBZ in previous works
(Anderson et al. 2011; Kaltenboeck and Ryzhkov 2013). To determine what reflectivity factor to use for the threshold, empirical research was done by comparing what
amount of ZH would provide enough coverage for a hail core inside of a convective
cell without including too much data from the non-hail producing areas of the cell. It
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was decided that 50 dBZ was the best choice due to the 55 dBZ threshold’s tendency
to eliminate too many hail reports.

3.3.2

Spatial and Temporal Requirements
Using the reflectivity factor threshold of hail cores, the reports are then checked

to see if the spatial and temporal attributes of each report are accurate. If a reflectivity
factor core of a hail storm (characterized by a minimum of 50 dBZ) occurs within a
reasonable time and location difference of the report, then the report can be ruled as
accurate. Such ranges needed to be elastic enough to not severely limit the number
of usable reports, but filter out any erroneous reports that may occur. For this
experiment, the hail core must exist between 30 minutes before or after the registered
time of the report and within a 5 km radius of the report, expanding the limitations
used in Anderson et al. (2011), which were 1 km radius form the report and within
15 minutes of the report. The radius limit allows for hail that could be advected away
from the core aloft; this will give the location of the report a margin of error.

3.3.3

Typical S-band Hail Characteristics and Phenomena
After this step, the radar data is analyzed to have certain radar characteristics

pertaining to hail formation within a convective system. When the data is compared
as an entire dataset, this will require that each storm used will be represented by
both bands for increased accuracy. With the plethora of available research in hail
identification utilizing dual polarized S-band data as well as being part of the basis for
the National Weather Service in the issuance of severe weather watches and warnings,
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WSR-88D data is analyzed for such characteristics. This includes the presence of
“ZDR holes”, three-body scattering, and lowered ρHV inside of the core. If any of
these are found associated with these particular cells, the report goes on to the final
step: examining vertical structure of the data.

3.3.4

Vertical Limitations
To ensure complete coverage of the hail core, data in the vertical must be

present for each radar system. Each radar dataset is checked to determine the vertical
extent according to elevation angles. If ARMOR radar data contains more elevation
angles than just the bottom three (typical ones for RAIN1 scanning strategies) these
reports are considered usable. If it is limited to only RAIN1 angles, the reports are
marked as having only RAIN1 available and filtered out of the dataset.
The reports containing ARMOR radar data with complete vertical coverage
are then checked to see how close together the heights of the lowest available radar
beam are between the two radar systems. If they are too far apart, then making
any comparisons would be observing incompatible areas of the storm. The height
difference between both radar systems of the data in the lowest available elevation
angle must be no more than 700 m. The final database used in this experiment is
only composed of reports passing each one of these steps.

3.3.5

Results of the QC Process
Twenty-three days had hail reports during the time period of the experiment.

124 reports were found in total during these 23 days. Out of these reports, 57 were
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eliminated during the QC process, 12 only had RAIN1 data for ARMOR, and 55
reports passed and made it into the dataset. The experiment contains 35 storms on
13 days when multiple collocated reports are considered to be one storm. Tables
3.2 and 3.3 shows the date, time, latitude, longitude, and hail diameter (in) for the
dataset.
Table 3.2: Table of the 35 storm reports that compose the dataset. The table
contains the date, time, latitude, longitude, distance from ARMOR and KHTX, and
reported hail diameter of each report. Units are provided in the header.
DATE (mm/dd/yy)

TIME (UTC)

LATITUDE (◦ )

LONGITUDE (◦ ) DIAMETER (in)

03/02/2012

1558

34.99

-86.85

1.75

38.5

70.5

03/02/2012

2045

35.11

-86.56

1.75

54.6

48.1

03/02/2012

2100

34.85

-87.38

1.75

60.0

118.9

03/02/2012

2148

34.93

-86.75

1.75

31.2

61.1

03/02/2012

2206

34.91

-86.43

1.75

42.4

32.0

03/14/2012

2156

34.68

-87.40

1.75

57.7

123.7

03/15/2012

2310

34.77

-87.11

1.00

33.8

95.7

03/31/2012

1945

35.35

-87.03

1.00

81.4

98.2

03/31/2012

2100

35.13

-86.47

1.00

60.0

41.9

03/31/2012

2115

34.99

-87.15

1.00

51.3

97.7

03/31/2012

2123

34.93

-87.14

1.75

46.0

96.6

03/31/2012

2139

34.87

-87.05

1.00

35.4

88.7

03/31/2012

2152

34.80

-87.12

1.00

36.1

96.0

03/31/2012

2207

34.80

-87.18

1.25

41.0

101.4

03/31/2012

2228

34.71

-87.12

1.00

32.7

98.0

03/31/2012

2304

34.42

-87.17

1.00

44.7

114.7

03/31/2012

2316

34.37

-87.28

1.75

56.2

126.2

03/31/2012

2330

34.48

-87.29

1.75

51.2

121.4
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ARMOR DISTANCE (km) KHTX DISTANCE (km)

Table 3.3: Continuation of Table 3.2.
DATE (mm/dd/yy)

TIME (UTC)

LATITUDE (◦ )

03/31/2012

2340

34.99

-86.90

1.00

39.6

75.0

03/31/2012

2352

34.94

-86.90

1.00

34.4

74.8

03/05/2013

1818

34.80

-86.28

1.00

47.8

23.3

03/18/2013

1846

34.48

-87.29

1.00

51.2

121.4

03/18/2013

1850

34.54

-87.16

1.00

37.7

107.8

03/18/2013

1910

34.61

-87.00

1.00

21.5

91.3

03/18/2013

1918

34.87

-87.05

1.00

35.4

88.7

03/18/2013

2055

34.32

-85.97

1.00

82.2

68.6

04/17/2013

1911

35.18

-85.98

1.75

93.1

29.3

07/23/2014

2052

34.94

-87.77

1.00

96.9

154.1

10/06/2014

2307

34.14

-86.84

1.75

57.1

112.1

10/06/2014

2320

34.17

-86.83

1.00

53.7

108.9

10/06/2014

2329

34.85

-85.82

1.00

89.6

25.3

10/09/2014

0030

34.91

-86.82

1.00

29.3

67.5

10/10/2014

2130

34.11

-86.87

1.00

60.8

116.4

10/12/2014

2107

34.30

-86.23

1.00

63.0

71.4

10/13/2014

0149

34.70

-85.67

1.00

100.8

45.3

3.4

LONGITUDE (◦ ) DIAMETER (in)

ARMOR DISTANCE (km) KHTX DISTANCE (km)

Resolution and Vertical Coordinates

With the number of passing reports selected, the vertical resolution must be
calculated to ensure proper comparison between the two radars. Horizontal resolution
was determined to be 1 km across the dataset by assuming an average distance of 60
km from either one of the radars to the report. The average distance from ARMOR to
report was calculated as 53.8 km and the average distance from KHTX to report was
86.1 km. These average together got an average distance of 69.4 km. This makes the
average horizontal beamwidth at 1.2 km while the assume distance is 1 km, making
the difference between the two 0.2 km. While the assumed value is smaller than the
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calculated value, 1 km for horizontal beamwidth should still suffice with the two values
only differing by a small amount. Vertical resolution had to be calculated for each
storm due to the different distances each storm would be from both radar systems.
To calculate vertical resolution, a model was created to calculate beam height from
radars using the

4
3

Earth model formula taken from Rinehart (2010):

H=

p
0
r2 + (R0 + H0 )2 + 2r(R0 + H0 )sinφ − R

(3.1)

H = radar beam height
r = distance between radar and target
0

R = 34 R; R = radius of earth = 6374 km
H0 = Height of the radar antenna
φ = elevation angle
This calculates the height (H) of each radar beam by using three inputs: range
from the target (r), elevation angle (φ), and height of the radar antenna above sea level
(H0 ). Beam height was calculated for both radars using their respective distances from
the hail report. Distances between the beams with respect to height were calculated
by subtracting the heights from each advancing elevation angle. These distances are
then averaged over the lowest 5 km of the available data to obtain a mean vertical
resolution for the report. The area from 0 to 5 km is averaged over since this is
the area most likely to contain data and processes important to hail melting and
trajectory. The calculated vertical resolutions are compared to see which system has
the lowest resolution. Whichever value is determined to have the lowest resolution is

38

the one selected to be used when constructing the images and data to be used in this
experiment. Vertical resolution from this calculation will be known as VERTRES.
After calculating VERTRES for each report, the radar data are put through
a conversion process in preparation for analysis. Both RADX

1

and UNIX scripts

were used to transform the radar data format into netCDF and brought into NCAR
REORDER (Oye et al. 1995); this program affixes the data into a three dimensional, Cartesian coordinate system. The experiment utilizes the Cressman Weighting (Cressman 1959) method for gridding the data. The radius of influence was set to
1.0 km x 1.0 km x 1.0 km with a grid spacing of 1.0 km x 1.0 km x VERTRES. Gridded data used the location of the ARMOR radar for the origin. Such a coordinate
transform makes it much easier to program scripts as well as set physical boundaries
around each core. Using the sweep files inside of SOLOII (Oye et al. 1995) as a
guideline, the storm is located within the three dimensional data and the horizontal
coordinates containing the core are marked. These will be used to eliminate unnecessary data from the dataset as well as isolate the hail producing core from neighboring
cells. Differential attenuation was corrected using the schemes outlined in Bringi et
al. (2001).

3.4.1

Converting Vertical Coordinates to MLH Origin
It can be difficult to compare regions of storms in the vertical using ground

relative height. With varying melting layer heights (MLH) as well as various vertical
extents for convective systems, it would be helpful to convert the vertical axis to
1

https : //www.ral.ucar.edu/projects/titan/docs/radial f ormats/radx.html
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one using the melting layer as the reference point and measure height relative to
it. This conversion was accomplished by determining the height of the 0◦ C layer
for each storm, finding the difference between reported height and the MLH, and
converting the vertical coordinates to these differences. The choice of using the 0◦ C
layer instead of the wet bulb freezing layer is from the lack of sounding profiles taken
inside the experimental area. MLH is calculated either from any available sounding
from Redstone Arsenal in Huntsville, AL, or from a weighted average between the
Nashville, TN and Birmingham WFOs. This weighting includes averaging both the
location and available times around the time of each report. These weighted averages
were checked by looking at the dual polarimetric variables of neighboring cells for
signs of the melting layer (bright band, increasing dielectric, etc.). The MLH are
done for every report and will be utilized in the creation of radar cross-sections.

3.5

Plots and Statistics

Once the dataset has been properly prepared, it is run through a series of
statistical calculations as programs to create horizontal and vertical cross-sections of
any reported storm. The results from the statistical calculations are then put into a
series of graphs of plots for the analysis and comparison.

3.5.1

Vertical and Horizontal Cross-sections
Cross-sections of the data are created by an IDL program looking at the re-

ported hail core containing coordinates and MLH. The coordinates of each storm as
well as vertical resolution are set and the program creates both horizontal and vertical
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cross-sections of the data across the entire core. This generates images for each radar
system for ZH , ZDR , and ρHV . Images of ZDR and ρHV include an overlay of ZH ,
which aids in physical process interpretation. Images relating to the middle of the
core or showcasing any phenomena are selected to be used in the comparison.

3.5.2

Statistical Calculations and Profile Creation
To gather numerical data to be used in statistical analysis, a program was

developed to extract data just from the hail core. This program examines each
horizontal cross section of the storm; selects the location of the hail core contained
within the 50 dBZ reflectivity factor threshold, and saves the amounts of each variable.
Once the program reaches a height not containing the threshold, it continues its ascent
using the area locations from the last height for data extraction through the remaining
height of the storm in a straight, vertical column. While this procedure does take
into account most of the area of a tilted hail core, there is a possibility that when the
procedure goes to the vertical column, it could leave out some information pertaining
to the core. The 50 dBZ threshold should help minimize any such errors that may
occur. This program was then used to both create mean profiles of the radar variable
versus height for each of the radars and import the data into ASCII format to perform
statistical interpretation. The heights of the datasets were combined into different
bins according to height from MLH over 0.5 km segments. Box plots were made from
this data, containing the minimum, maximum, median, and first and third quartile
of each bin height for each radar parameter for each radar system.
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3.6

Issues and Errors

Issues and errors were found during this experiment. Radar artifacts were
frequently found in elevated portions of radar data above MLH, causing data gathered
to become erroneous. This was determined to be areas of significantly lowered ρHV .
Thresholds for both radars based upon correlation were created to alleviate such
inaccurate areas, since such a threshold can be used to separate quality precipitation
signal from noise and/or artifacts (Ryzhkov and Zrnić 1998b). Through empirical
testing, the thresholds were set to 0.8 for S-band and 0.7 for C-band. The difference
in the threshold that differentiates hail (or other precipitation) from noise is due to
variability in the physical characteristics of each radar system. Extremely unnatural
ZDR was found aloft, corresponding to nearly 0 dBZ of reflectivity factor. These areas
were usually discovered to be artifacts or other radar errors. A minimum reflectivity
factor threshold of 10 dBZ was implemented to eliminate these errors.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter will cover the breadth of data gathered and created during the
experiment for analysis. It is broken up into several subsections based upon the
different radar systems as well as for making comparisons. The first section will
delve into statistics calculated across the entire storm database. This will include
the interpretation of statistical charts and calculations. The second will look at a
selection of 3 storms, which were identified through a comparison of median C-band
ZDR within the melting layer of the dataset against the median C-band ZDR values
for each respective storm.
With the vertical axis defined relative to the MLH, any result with respect
to height will have to be referenced in a particular way to minimize on confusion.
Throughout the rest of this thesis, the following rules will be applied when mentioning
the height of the calculations. Any height above the MLH will be noted using a (+)
sign in front of the height, and any height below will use a (-) sign in front of the
height. For example, 4 km above the MLH is written as +4 km; whereas, 2 km below
the MLH is -2 km. Average MLH across the dataset for both bands is 3.2 km.
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4.1

S-band Statistics

Analysis will begin by looking at the results from the S-band data. This section
will be split into the three different radar variables. These subsections will contain
both the boxplots and the mean and standard deviation profiles for the variables.
Interpretation of microphysical processes and typical hydrometeors in relation to the
combination of two or more radar variables will also be included in this section.

4.1.1

Reflectivity
In the area above +4 km in Figure 4.1, ZH variation with height is large,

especially since this area would most likely be above the 50 dBZ threshold allowing
lower reflectivities in the calculations. Minimum ZH values are near or close to 10 dBZ.
This coincides with the previously mentioned lower threshold for artifact mitigation.
Looking at the median and 25th and 75th percentiles, it is observed that though it
oscillates, there is a mean increase from +12 km to +4 km. Those heights would
include data above the storm to the upper heights of a convective cell. Going from
+4 km to +12 km, the area of the storms would start to go away from the top of
these hail cores. Hydrometeor types would begin to convert from areas of graupel and
hail to containing a higher frequency of snow aggregates and ice crystals the closer
to +12 km the data gets to, especially with ZH on a decreasing trend with increasing
height.
Below +4 km to 0 km is where the mixed phase region would typically be
in these storms. This mixed phase region would not only contain supercooled water
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droplets, but the possibility of lofted raindrops in the lower areas of this region.
Minimum ZH values begin to increase away from the noise threshold, meaning less
contribution from smaller hydrometeors. Maximum ZH values over 60 dBZ, along
with the 75th percentiles being between 55 and 60 dBZ would suggest that some of
these convective hail cores do reach this particular height range.

Figure 4.1: Boxplot of S-band ZH (dBZ) with respect to height relative to the
MLH(km). Minimum values are marked as the line drawn from the left edge of
each box and terminates at the value. Maximum values are similarly marked, and
extend from the box on the right edge of the box. 25th and 75th percentiles are the
left and right edges of the boxes, respectively. Median values are the lines drawn
inside of the boxes. Any calculations that equal each other will cause the markings
to overlap, so not every box will display every one of these markers.
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In the melting region (below MLH), ZH becomes more similar with height.
Minimum values are suppressed and are not much lower than the 25th percentiles,
while the maximum values grow, with the largest maximum occurring at -1 km (72
dBZ). Rain, melting hail, and hail would be the most likely of hydrometeor types
to occur in this region. The overall water fraction over these different types would
be high, which in turn will increase dielectric values and increase reflectivity factor.
Large hail and raindrops would also contribute to large reflectivitites. This area would
also be where 50 dBZ threshold would hold throughout most of the dataset, keeping
the range of ZH more compressed than in areas aloft.
Mean and standard deviation of ZH agrees with the boxplots. From Figure
4.2, the mean ZH varies wildly above +4 km. The standard deviation can also reach
over 10 dBZ in this region. This is evidence that in this region aloft, there is a
higher concentration of lower value reflectivities. Having such wide ranges and high
standard deviation of ZH is likely an artifact of incomplete sampling associated with
more widely spaced elevation angles aloft.
Below +4 km, the mean and standard deviation displays little change as it
descends in height. Mean ZH values remain approximately 55 dBZ throughout this
lower region while standard deviation remains about 4 dB. The concentration of ZH
in this region does not show the same variability as the upper region. This is in part
for two reasons. First, this region contains the highest amount of data from the hail
core, which is more consistent in comparison. Second, the 50 dBZ ZH threshold exists
within the hail core; it would make sense that this threshold would limit the amount
of lower reflectivities to affect the mean values.
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Figure 4.2: Vertical profiles of mean and standard deviation ZH (dBZ) with respect
to MLH(KM). The solid blue line is the calculated mean of the S-band data while
the dashed blue line is the calculated standard deviation for S-band. The solid red
line is the calculated mean value of the C-band data and the dashed red line is the
calculated standard deviation for C-band.
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4.1.2

Differential Reflectivity

Figure 4.3: Same as Figure 4.1 except for S-band ZDR (dB)

From Figure 4.3, most of the area above the MLH has the approximately the
same values of 25th and 75th percentiles and median ZDR values. They range from
slightly negative to slightly positive with median values of 0 dB. The minimum and
maximum values both vary greatly with about -1.75 dB and 3.6 dB respectively.
This area would contain wide variety hydrometeor types. sizes, and shapes. The ZDR
ranges in this area could be from ice crystals, hail, and graupel being orientated with
their major axis to the vertical (causing negative ZDR ), either spherical in nature or
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tumbling enough to be seen as an effective sphere (ZDR near 0 dB) or larger particles
and aggregates with their major axis orientated towards the horizontal (more positive
ZDR ) (Vivekanandan et al. 1994; Ryzhkov and Zrnić 1998a). While ice crystals could
be oriented vertically due to the presence of an electric field, such a change has little
effect on ZH , ZDR , and ρHV (Caylor and Chandrasekar 1996).
Below +4 km when the data is mainly inside of hail cores, the data begins to
change, especially when melting begins. Starting at +1.5 km, it becomes obvious that
the ZDR begins to trend toward higher values, especially with the larger 75th percentile
value at that height. This could be from the increasing frequency of supercooled water
drops or wet growth hail at his height. Both 25th percentile and median values follow
suit with the decreasing height. Median values of ZDR at +1 km are -0.4 dB while at
2 km it is 0.75 dB. 25th and 75th percentiles also increase over 1 dB in this bottom 3
km.
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Figure 4.4: Same as Figure 4.2 except for ZDR (dB).

Throughout most of the dataset, mean values of ZDR show little change until it
gets within close proximity of the MLH. From Figure 4.4, mean ZDR values above +2
km stay below 0 dB. Above +4 km, mean values slowly increase closer to 0 dB, possibly affected from various ice crystal orientations and shapes. Below +2 km, mean
values increase with decreasing height, becoming higher than 0 dB approximately at
the MLH; then continues to increase to 0.9 dB at -2 km. This low level increase
is occurring due to the effects of melting, formation of water tori, increasing dielectric constant, and potentially resonant effects, though the latter reasoning would be
mitigated by S-bands higher tolerance on target size with respect to Mie scattering.
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Standard deviation from Figure 4.4 shows that ZDR does not vary much on
average throughout the dataset. Most of the values are around 0.5 dB above +3 km.
It does increase slightly to 1 dB at -2 km. Aloft in the mainly ice particle regions
of these storms, ZDR is not strongly affected enough to have much variability. The
introduction of liquid targets and melting in the lower parts of the atmosphere does
impact ZDR ; however, the largest changes occur right near the Earths surface.
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4.1.3

Correlation Coefficient
The final polarimetric variable to analyze at S-band is the correlation coeffi-

cient. Figure 4.5 shows the ranges and certain statistics of ρHV in the dataset. Above
the MLH, some of the 25th and 75th percentiles and median values can be equal
among them, causing overlap and not showing the markers for each one of them on
the boxplot. These ρHV remain rather high, staying above 0.97 till around +11 km,
where the ranges become larger. Below the MLH, the variable remains consistent with
0.95 (25th percentile), 0.97 (median), and 0.98 (75th percentile). There are minimum
correlation values of around 0.81 throughout most of the height bins.
Mean and standard deviation of the correlation shows where changes and
variability exists in the dataset. From Figure 4.6, mean correlation values remain
higher than 0.95 above +10.5 km. A decrease of mean values occurs below +2 km
towards the surface. Such decrease in median, mean, and 25th percentiles display such
significant changes in the radar scans. These decreases are likely due to an increase
in the diversity of hydrometeors, shedding above the MLH, and melting below the
MLH.Standard deviation of the correlation values never exceed 0.05 throughout the
entire height.
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Figure 4.5: Same as Figure 4.1 except for S-band ρHV .

53

Figure 4.6: Same as Figure 4.2 except for ρHV .

4.2

C-band Statistics

Moving on from the S-band data, the statistical calculations performed on
the data from the ARMOR (C-band) radar system are examined. This will take a
similar structure as the S-band section. Each radar variable will be analyzed from
both the boxplots and mean and standard deviation profiles. Interpretation of some
microphysical processes will be discussed, though a more extensive comparison with
S-band will take place in the next section.
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4.2.1

Reflectivity

Figure 4.7: Same as Figure 4.1 except for C-band ZH (dBZ)

Above the MLH, the varied amounts of ZH in this upper region of the storm
database are evident. In this region of Figure 4.7, ranges of ZH at each height bin
are quite larger than those compared below the MLH, most likely due to the height
being high enough that the 50 dBZ threshold does not hold often. Beneath +12 km,
the data shifts towards much higher values, with the 25th percentile hitting about 50
dBZ at +6 km. During this descent, there is some oscillating data between lower and
higher values between +10 km and +5.5 km, likely an interpolation issue. Minimum
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ZH values do reach 10 dBZ in this region, getting close to the lowered reflectivity
factor threshold.
From the +4 km height to MLH, ZH values begin to equalize. 25th , median,
and 75th percentiles are roughly the same amount from one height bin to the next.
Median values are roughly 55 dBZ in this region. Minimum reflectivity factor values
begin to increase with the descending height, with values much greater at MLH than
+4 km.
Below the MLH, values and ranges are much more rigid. Only maximum ZH
values change much in this area. The other variables remain approximately the same.
The largest reflectivity factor value occurs at this area, with values approximately 65
dBZ at both -1 km and -2 km.
The mean and standard deviation of the C-band reflectivity factor is in Figure
4.2. The increasing reflectivity factor with decreasing height plus the fluctuating
ranges are seen here as well as in the boxplots of Figure 4.7. The large ranges in the
area above +4 km influence the standard deviation values, making them rather large
(around 10 dBZ). Below +4 km, both the mean and standard values stop varying
much, reaching an approximate equilibrium value. Mean ZH in this region is about
55 dBZ while standard deviation values are mainly 3 dBZ.
These results are similar to the S-band database. This region above +4 km
would mainly be ice particles. Their randomness and variability of types, shapes,
sizes, and number concentrations would cause these fluctuating ZH values. This oscillation could be caused by a combination of sampling by ARMOR and interpolation
choices. Descending from the top of the height bins, these particles would become
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more numerous and/or larger leading to larger values. This trend continues until +4
km, when the database is mainly the mixed phase region and upper heights of the
observed hail core.
Once the data reaches the hail core region, a couple of things happen to the
data ranges. Inherent in the design of the experiment, the 50 dBZ threshold would
begin to take place where regions of this ZH value are found, limiting the amount of
lower reflectivity factor values (less than 50 dBZ) in the database. Physically, this
region would introduce water targets in the form of supercooled water drops, elevated
raindrops, and wet growth hail; leading to an increase of dielectric constant and target
diameter. Both of these would lead to higher values.
Below the MLH, melting would affect the hydrometeors at a greater rate. This
will lead to water-coated melting hail, large raindrops from completely melted small
hailstones and the collection of water from colliding raindrops in addition to any
unaffected hailstones in this region. All of these targets produce high ZH on their
own. With this region consisting of such large reflectivity factor producers and the
constraints of the experiment, it is easy to see how variability and range of reflectivity
factor would be limited here; leading to the region having similar values among all of
the height bins.
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4.2.2

Differential Reflectivity

Figure 4.8: Same as Figure 4.1 except for C-band ZDR (dB).

Figure 4.8 shows the boxplots computed for ZDR in the C-band database. In
the region above +6 km, ZDR ranges are quite spread out, decreasing slightly with
decreasing height. Minimum and maximum values of note in this area aloft are at
+11 km, with -2 dB and about 3 dB respectively. These values could be the result
of artifacts or differential attenuation occurring in the beam height. Ranges of the
middle 50% of data from +6 km to +4 km start to not fluctuate so much. Median
values are between 0.5 dB and 1 dB in this lower region. These values are much
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different from KHTX, especially with S-band median ZDR values being approximately
0 dB. It is possible that C-band could be more sensitive to the horizontally oriented ice
crystals, with median C-band ZDR varying from 0.5 dB to 1.0 dB. Another possibility
is a relative calibration issue with the ARMOR radar or KHTX radar.
Below +4 km, differential reflectivity starts to change subtly in some areas
while drastically in others. Similar to the S-band data, the middle 50% boxes show
an increasing trend as the heights gets closer to the MLH. While median values stay
roughly the same, 75th percentile increases about 1 dB over 4 km. Minimum values
show values nearly as low as -2 dB here, it is the maximum ZDR that ramps up quickly
from 1 dB to 6 dB between +4 km and +1 km.
In the melting region (the area below MLH), the middle 50% boxes increases
significantly. Values of 25th percentile, median, and 75th percentile at the MLH are
about 0.5 dB, 0.75 dB, and 1.75 dB respectively. At -2 km, these values all increase
to about 2.25 dB, 3.0 dB, and 4.0 dB respectively. Both minimum and maximum
ZDR values in the melting region still remain at their extremes as they did in the
mixed phase region.
Mean and standard deviation of C-band ZDR is displayed in Figure 4.4. Above
the MLH, most of the mean values are positive but stay below 1 dB. There is some
oscillation (possible interpolation issue) between each successive height bin, but only
by a few tenths of a dB. Standard deviation shows the values do not differ for the
most part here, with values in the upper tenth of a dB. As previously mentioned, this
difference from KHTX could be from the sensitivity of horizontally oriented particles
or possibly a relative calibration issue.
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Below the MLH, mean values begin to drastically increase. They go from
about 1.2 dB at the MLH to 3.2 dB at -2 km. While mean values show such a large
increase, the increase that occurs for the standard deviation is much less dramatic.
It only increases by 0.3 dB over the lower 2 km of the database.
The results from these charts have some strong implications. In the region
above +4 km, this region of mainly ice particles shows slightly positive ZDR with
low reflectivity factor values. If pure ice crystals, ZDR can be large but aggregates
of ice crystals tend to have low ZDR (they are seen as ”effective spheres”). Larger
aggregates will tend to domine ZDR and drive toward 0 dB if present. The wide
variety of ice particle types, orientations, and shapes can make such hydrometeors
have a range of ZDR from negative to positive values.
The mixed phase region (+4 km to MLH) is where ZDR is nearly uniform
with height. Inside of this region, the boxplots show that larger values of ZDR are
more prevalent here than in the higher elevations. This would be from the liquid
hydrometeors existing in this region both from lofted supercooled water drops and
shedded drops from wet growth hail. While maximum values of ZDR do spike here,
the mean and standard deviations remain about the same as in the region consisting
of mainly ice particles. This would mean that the area is composed mainly of mostly
spherical, Rayleigh scatterers, making the mixed phase region dominated by these
smaller particles.
In the melting region, the increasing trends begin to accelerate. These melting
hydrometeors help bring the water fraction up across the area, helping to increase
the average dielectric. Hailstones that develop substantial water tori can reduce or
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eliminate canting. Such particles along with large raindrops and hailstones not only
help the increase of reflectivity factor by their diameter contributions, they can be of
significant size to make them become Mie scatterers. This is evident by the extremely
large ZDR in the melting region, especially compared to that of the S-band data.
It must be noted that while such extremely high values exist, most of the
data never gets higher than 4 dB in the melting region. At -2 km, melting would be
considered at or nearly at full effect. Small hailstones in this region could possibly be
fully melted and larger hailstones may not be completely melted. The mean ZDR at
-2 km is 3.2 dB and the 75th percentile is 4 dB, proving that lower amounts of ZDR
are the most common. The mean is only slightly larger than the median, leading to
the possibility that while bias of higher values may affect the mean slightly, there is
still a significant amount of lower ZDR values to mitigate any such bias.

61

4.2.3

Correlation Coefficient

Figure 4.9: Same as Figure 4.1 except for C-band ρHV .

The last variable to analyze at for the C-band database is the correlation
coefficient from Figure 4.9. Ranges of the middle 50% ρHV begin to increase from
+12 km to +8 km. Median values increase in this range from 0.765 at +12 km to
0.98 at +8 km. Minimum values are around the lower ρHV threshold of 0.7 in this
region. The diverse ice particle population strongly impacts the magnitude of ρHV
here, as well as signal quality decreasing towards the echo top.

62

From +8 km to +4km, ρHV is nearly uniform. Median values exceed 0.95 here.
Some of the variables are equal, which either causes the median lines to be drawn
on the 25th or 75th percentile lines or as with the data at +8km, the 25th and 75th
percentiles are equal to the median, eliminating the entire box with only a single line
denoting the value of each calculation. This increase could be from a less diverse
ice particle population as it approaches the mixed phase region or more likely, an
increase in signal quality. Maximum ρHV values do reach 1.0 here, showing that some
less diverse targets are possible.
Below +4 km, the ranges of the middle 50% boxes show a very steady decline
from the upper 0.9s to the lower 0.9s below the MLH. As the radar beam intercepts
regions of both water and ice hydrometeors, correlation begins to decrease, minimizing
at -2 km having a 25th percentile of 0.86, median of 0.91, and 75th percentile of 0.94.
Starting from +4 km, this decrease could be caused by lofted supercooled water
drops, wet growth hail and drops shedded from such hail, and/or resonance. Below
the MLH, effects from melting (including partially and completely melted hail), large
rain drops, and resonance effects would be the most likely cause for the continued
decrease.
Mean and standard deviation values of ρHV show the same such trends. Mean
ρHV increases from +12 km to +8km, stays roughly the same from +8 km to +4 km,
then decreases all the way to the surface in Figure 4.6. Having such low values of
standard deviations (0.05) shows just how tightly these ranges are compacted.
It becomes apparent that C-band ρHV is greatly affected by the physical characteristics of its targets. The wide diversity of small ice particles and/or signal quality
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above +8 km cause lower values of ρHV . As the radar beam descends and reaches the
mixed phase regions, it begins to decrease as ZDR increases. Water-type particles and
Mie scatterers can cause values to drop even below 0.9 in the melting region. Correlation is sensitive to resonance as well as increased variability of dielectric, shape,
and fall mode.

4.3

Comparison of the Statistical Calculations

The main intent of this experiment is reliant on observing and interpreting on
the differences between the S- and C-band polarimetric measurements. This section
will look at and discuss the differences and similarities between these two databases.
There will also be a second subsection that will compare with the data from the
Anderson et al. (2011) study on C-band values as well as Kaltenboeck and Ryzhkov’s
(2013) comparison of radar hail signatures.

4.3.1

Experiment Databases
Observations of ZH from both S-band and C-band show areas above +4 km

are most likely areas going from hydrometeor types being mainly hail and graupel
to higher frequencies of ice crystals and snow aggregates as height increases towards
+12 km. Both databases show a trend of increasing concentrations of higher value ZH
with decreasing height. They also show the same signs of variability in the ranges of
ZH . This becomes really apparent when looking at the mean profiles for both profiles
in Figure 4.2, where mean values can vary almost 10 dBZ between each successive
height. This could mean both studies had similar interpolation artifacts.
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Within this same region, ZDR and ρHV may show similar trends, but both
variables are of different amounts for each radar. ZDR for both radar systems shows a
decreasing of ranges with median values changing very little with decreasing height,
and ρHV both increase in frequency of higher 0.9 values until not moving much below
+8 km. These relative trends would help support the decreasing variability of ice
particle sizes, shapes, dielectric, and orientation. While similar, mean differential
reflectivity for S-band is less than for C-band, with mean correlation being greater at
S-band than C-band.
The value differences show how the systems differ in their representation of ice
particles. S-band mean ZDR is rather negative, meaning this region possibly consists
of vertically oriented ice particles or even some conical graupel. The C-band mean
ZDR is greater than 0 dB but not greater than 1 dB. This difference in ZDR could
be from some calibration issues with ZDR or possibly some physical attributes of the
hydrometeors here that impact each wavelength differently. This carries over to the
correlation values, causing the C-band mean ρHV values to be less than its S-band
counterpart. This result could be related to the differences of the radar system as well.
With Kaltenboeck and Ryzhkov (2013) have shown similar results using a different
set of radars (as will be discussed in Section 4.3.3), this could favor a more physical
explanation for such differences between S-band and C-band than the differences
between the radar systems.
Below +4 km to MLH, that section of the database is considered to be the
mixed phase region. This is supported by consistently larger values of reflectivity
factor that begins at +4 km for both radar wavelengths. This would be from the
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introduction of water-type hydrometeors in the form of mostly supercooled water
drops, including water drops shed form wet growth hail and lofted raindrops from the
local updrafts into the lower parts of the mixed phase region. This does not affect the
differences of reflectivity factor much in either wavelength. Minimum C-band values
can be much lower, but the middle 50% boxes and maximum values are relatively
similar. The mean reflectivity factor difference between these two wavelengths has
C-band staying approximately 1 dB less than S-band.
At the top of the mixed phase region, differential reflectivity and correlation
coefficient have the same similar characteristics as the area above +4 km. The boxplots of ZDR for both systems show similar trends and ranges, especially for the middle
50%. Median values show that S-band ZDR is about 0.5 dB lower than C-band values.
Typical 25th percentile ρHV values at S-band are 0.98 and 0.97 at different elevations.
25th percentiles for C-band are at 0.92. Having water particles exist in the mixed
phase region has a much stronger effect on ρHV than ZDR . This is most likely due
to the ice to water ratio favoring ice more as well as the size of these particles being
limited due to growth starting here, as well as the increased diversity of target types,
shapes, and compositions which can lower ρHV .
At the bottom of the mixed phase region and continuing towards the ground,
this contains the area where correlation coefficient and differential reflectivity differ
the most. Both wavelengths have differential reflectivity increasing and correlation
decreasing with a decrease in height. While mean ZDR difference between the two
systems stay relatively the same, it becomes larger, differing by almost 2 dB at -2 km,
possibly from resonance caused by wet growth hail or lifted supercooled raindrops.
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Below the MLH, the upper 75% of the S-band ρHV data stays above 0.95, as was
seen in Figure 4.5; however, C-band ρHV 25th percentiles stay consistently below 0.9
in the 2 km below the MLH.
Melting has a very strong effect on the targets, which in turn can cause such
differences between the radar bands. Below the MLH, the atmosphere would have
varying amounts of hail, water-coated hail, raindrops both big and small, as well as
hailstones in varying degrees of melting. This mix leads to an increase of differential
reflectivity and decrease of correlation for both systems. The leading cause of the
varying values between the systems is the presence of resonant scatterers.
Though it occurs for both systems at this height, resonance has much stronger
effects on C-band than S-band. Both systems show that all of the reflectivities in this
region are larger than 50 dBZ, as it should since that value was used as a threshold.
With these occurring in the same location as hail reports, it would be safe to assume
that these high reflectivities would be hail, melting hail, and/or rain. Mean S-band
differential reflectivities show an increase to 1 dB, which could be from a larger
contribution from oblate targets. Since C-band has a lower limit on Mie scattering
size, a larger portion of the targets would be Mie scatterers for C-band than S-band
as made evident from the 25th percentile for the bottom 1 km of the database being 2
dB or greater as well as the greater difference of correlation between the two systems.

4.3.2

Comparison with Anderson et al. (2011)
Figure 4.10 shows the contoured frequency by altitude diagram (CFAD) of

C-band ZDR from Anderson et al. (2011). Median values from Anderson et al. are
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closer to 0 dB above the MLH, while the current study has mean values closer to 0.5
dB. The middle 50% of the data in Anderson et al. ranges from 0 dB to 0.5 dB, while
it is 0.5 dB to 1.0 dB in this study. ZDR begins to increase at a faster rate below
the MLH in Anderson et al. than in this study. Values of the mean and median ZDR
at -2 km (are approximately 3 dB in each study), while the 75th percentile is much
larger (∼ 5 dB) for the Anderson et al. dataset.
Profiles of ρHV show better agreement between the two studies. The CFAD
of ρHV from Anderson et al is in Figure 4.11. The 25th and 75th percentiles from +3

Figure 4.10: Adapted from Anderson et al. (2013). The contours represent the
the frequency of C-band ZDR in each height relative to height from 0◦ layer (H0 ).
25th , 50th , and 75th perceintiles are marked with black lines from left to right. Mean
C-band ZDR is marked by the dashed red line.
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km to -2 km are within 0.01 to 0.02 of each study. Mean ρHV from Anderson et al.
varies from 0.95 above the MLH to about 0.90 at - 2 km, whereas this study has the
above MLH region closer to 0.93 and decreasing to less than 0.9 at -2 km. Median
ρHV values for both start at about 0.97 above the MLH and differ from each other
by 0.01 at -2 km.
While ρHV has similar results in both studies, ZDR has much bigger differences.
Above the MLH, Anderson et al. ZDR was roughly less than 0.5 dB than this study.
The ZDR increasing trend occurs below the MLH compared to above the MLH in this

Figure 4.11: Adapted from Anderson et al. (2013). The contours represent the
the frequency of C-band ρHV in each height relative to height from 0◦ layer (H0 ).
25th , 50th , and 75th perceintiles are marked with black lines from left to right. Mean
C-band ρHV is marked by the dashed red line.
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study. These differences could be explained by a number of things. Anderson et al.
consists of 46 cells compared to the 35 in this study. The database from Anderson
et al. could contain a higher number of vigorous storms, since some of the cells in
that study had reported hail sizes of 10.8 cm, much larger than this study. Having
such a more varied database of storms could lead to larger ZDR differences as well
as location of the increasing ZDR trend. More importantly 45 dBZ was used as the
reflectivity factor threshold in Anderson et al., compared to the 50 dBZ used here.
This difference could lead to the inclusion of more areas outside of the hail core. Such
areas would have higher frequency of rain below MLH and above the MLH would
have more areas of the storm where interactions and mixing of particles from below
the MLH will be less. This could lead to the near 0 dB ZDR aloft as well as the wider
ranges of the middle 50% ZDR data below the MLH.

4.3.3

Comparison with Kaltenboeck and Ryzhkov (2013)
Even though this experiment uses 50 dBZ for a reflectivity factor threshold

compared to Kaltenboeck and Ryzhkov (2013) 55 dBZ, the results ended up being
quite similar. Figure 2.8 has the median and 5th and 95th percentiles of ZDR and
ρHV calculated for storms in their database with reported hail diameters of 2.5 cm
or greater. This experiment only had reported hail diameters within this region, so a
comparison would be easy to achieve.
Median C-band ZDR values are quite similar while those for S-band show a
bit of difference. Above the MLH and zero wet-bulb temperature, median C-band
ZDR values are approximately 0.1 dB smaller than reported in the Kaltenboeck and
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Ryzhkov study. Both show increases in median C-band ZDR when melting occurs with
it being about 3.5 dB in Kaltenboeck while being just 3.0 dB in this experiment. Sband values from this experiment are consistently less than those of Kaltenboeck and
Ryzhkov. They both show an increase of median S-band ZDR when melting begins;
however, Kaltenboeck and Ryzhkovs value at -2 km is a little over 2 dB while this
experiment only calculated a little less than 1 dB.
Median ρHV values between the two studies reveal better agreement. Median
S-band ρHV in both studies above +2 km remain above 0.98. Below that, they show
a slight decrease towards the surface with Kaltenboeck and Ryzhkov (2013) at -2 km
being 0.95 and this experiments being 0.97. C-band values show the same trends,
values consistently lower than their S-band counterparts, starting above 0.95 at +7
km, and then decreasing more drastically to the surface, with both studies having a
median ρHV value at -2 km between 0.9 and 0.91.
The slight differences between the two datasets could be explained by both
the setup and data of each experiment. With this study having a lower reflectivity
factor threshold, it would cover a larger area of the storm than Kaltenboeck and
Ryzhkov. This would include areas with less hail and/or more rain. This could
potentially lead to the larger S-band ρHV in this study along with the lower Cband ZDR near the surface. This experiment also has a much larger storm database,
with the Kaltenboeck and Ryzhkov study only consisting of 6 reported cases. This
difference would introduce a larger variety of storm structures and sizes, which can
affect the size of the calculated data, which can cause the slight differences between
the two studies.
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4.4

Selected Storm Interpretations

The last section will look into the observations of three particular storms.
Analyzing these storms will provide context on the variability of dual-polarimetric
variables in hailstorms and the physical causes of such differences. ZDR has the least
amount of thresholds placed on it and is highly affected by melting below the MLH,
where differences between the two wavelengths differ the most. Using this area and
variable as a guideline, it will show how these two wavelengths differ from a physical
perspective. The storms were selected by comparing median C-band ZDR values in
the melting region to the database values and selecting two cases representing the
minimum and maximum median C-band ZDR values and observe how those cases
compared to a typical case (a storm having a median C-band ZDR value approximate
to the one of the dataset). This section will analyze each of these scenarios by
observing both C-band and S-band imagery through the utilization of both horizontal
and vertical cross-sections. Any existence of commonly observed S-band phenomena
related to hail that may occur at C-band will be recorded. A summary of the results
of these storm comparison will be in Section 4.4.4.
All cross-sections use a different height coordinate system than in the statistical
calculations. The height coordinates are based on the origin being at the Earths
surface, with each increasing value equaling an increase of height. In vertical crosssections, the MLH is marked with a purple line at the appropriate height.
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4.4.1

Below C-band Median ZDR Storm
The storm for this value was determined to be associated with the hail report

on 10/9/2014 at 0030 UTC in Ardmore, AL. Range of the storm from ARMOR is
29.3 km with an azimuth angle of 351◦ . Range from KHTX is 67.5 km and has an
azimuth angle of 268◦ . MLH was determined to be 3.7 km and reported hail size is 1
in.
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Figure 4.12: Horizontal cross-section of both S-band and C-band polarimetric for
the storm on 10/09/2014 at 0030 UTC. Each one of these were taken from the lowest available scan that both radar system had, which is 2.1 km. Panels A, B, and
C are the S-band reflectivity factor, differential reflectivity, and correlation coefficient respectively. Panels D, E, and F are the C-band reflectivity factor, differential
reflectivity, and correlation coefficient respectively.

Figure 4.12 shows the horizontal cross-sections of the below median C-band
ZDR value. The top row contains the S-band imagery while the bottom row is the
C-band images. Reflectivity values are in Figures 4.12A and 4.12D, differential reflectivity in Figures 4.12B and 4.12E, and correlation coefficients in 4.12C and 4.12F.
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Figures 4.12A and 4.12D show similar structure and values of ZH . Both radars
show a storm consisting of two distinct reflectivity factor cores, with the southern
most one being associated with the report. The center of the core, associated with
the values of 60 dBZ inside the core is both around 30 km north of the ARMOR
radar. C-band has this highest value concentrated within one region, while S-band
has these values more scattered. The 50 dBZ area in S-band is connected between the
two cores while C-band does not, possibly from differential attenuation. Both of these
radar bands are showing the existence of hydrometeors with large diameters and/or
high number concentrations, especially within the pockets of 60 dBZ associated with
this storm.
ZDR imagery is a bit more complicated between the two radar systems. From
Figure 4.12B, S-band ZDR has an area of 0 dB within the hail core at the coordinates
of 30 km north and 4 km west from the ARMOR radar. This area with surrounding
higher ZDR values would be a “ZDR hole” (Wakimoto and Bringi 1988), location
of hail occurring surrounded by rain. Another interesting item in this panel is the
higher values of ZDR (as high as 4 dB) to the southeast of the “ZDR hole” in the lower
reflectivity factor values at (0 km, 29 km). This is possibly the existence of another
phenomena known as the “ZDR arc” or “ZDR shield” (Dawson et al. 2014). This
occurs when low-level shear of a storm is significant enough to enhance size-sorting
of hydrometeors, making areas of hail or rain more distinct.
C-band ZDR does not show similar values or structures. In Figure 4.12E, most
of the core has higher ZDR values than S-band. The area associated with the observed
“ZDR hole” has values of 3 dB with an area of 4 dB to the east of it. There are more
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distinct signs of a “ZDR arc” occurring on the southeastern side of the hail core, with
a 4 dB area located at the same coordinates. While these higher values exist, they
do not cover the entire core. The northern and western parts of the core are mainly
1 and 2 dB. Unlike S-band having a “ZDR hole” on the location of hail, it seems like
the 4 dB C-band “ZDR arc or shield” is more focused with an area associated with
size-sorted raindrops with the area of hail occurring just west of it.
ρHV for both wavelength bands show a depression of values inside the reflectivity factor core, though to different extents. Most of the S-band core has ρHV values
of 0.96 and greater until around the “ZDR hole”, then values of 0.94 as seen in Figure
4.12C. In Figure 4.12F, the C-band reflectivity factor core has much lower ρHV values
throughout. To the east and north of the 60 dBZ area, ρHV is around 0.92. Right
in the center, values drop below 0.9, even reaching 0.86. These lower C-band values
would most likely be caused by the Mie scattering hail targets within the core.
One noticeable area of ρHV values that occurs at both wavelengths is just
south of the S-band “ZDR hole” at (-6 km, 28 km). Both radars show a local minima
of ρHV just south of the region where hail is likely to be occurring. While not shown,
this area does continue into the next elevation at 2.8km. While ZDR values for both
wavelengths are low, this area occurs on top of an extremely tight ZH gradient on
the southern edge of the storm. It is possible that this is an artifact caused by the
non-uniform beam filling.
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Figure 4.13: Vertical cross-section of the S-band data from the 10/09/2014 storm
at 0030 UTC. Cross-section was taken from 31 km north of the ARMOR radar. The
height coordinates are km from the ground with the horizontal coordinates being the
east to west distance from the ARMOR radar. Panel A is reflectivity factor, panel
B is differential reflectivity, and panel C is correlation coefficient. Purple line is the
MLH, which is at 3.7 km for this storm.
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Figure 4.14: Same as Figure 4.13, but for the C-band data of the 10/09/2014 storm.
Coordinates and panel labels are the same as Figure 4.13.

From a vertical perspective, it shows some similarities with the storms horizontal components. Figures 4.13A and 4.14A are the reflectivity factor values through
the middle of the storms core for both S-band and C-band respectively. S-band ZH
has a much larger core of 60 dBZ than C-band, with the S-band reaching over 1 km
above the melting layer. Both radar systems have the 50 dBZ area roughly at 6 km .
Both have similar shaped reflectivity factor structures with the exception of 60 dBZ
coverage. So both radars are observing large enough values of number concentration
and/or target diameters for a hail storm.
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Differential reflectivity is rather different between the two radar bands. Figure
4.13B has S-band ZDR values from 0 dB at the top of the core to 1 dB at the bottom
located at 2 km. The figure suggests that these hail particles possibly start vertically
oriented and as they fall below the MLH, they start to melt which could cause canting
to become less random and possibly introduce more oblate targets like large raindrops
to form inside the scanned area. The bullseye of 3 dB above the MLH is possibly
a “ZDR column” (Scharfenberg et al 2004) . Figure 4.14B from the C-band is a bit
different. ZDR starts at -1 dB above MLH; however, as melting occurs and begins
to take over, ZDR values continue to increase, to 2 dB at the same height where the
S-band core terminates. Limited to the same location as the S-band core, not only
does the increase of ZDR occur quicker over a shorter vertical distance, it is slightly
more (1 dB greater) than S-band.
This discrepancy between the two bands continues in the comparison of vertical
ρHV . S-band ρHV values from Figure 4.13C shows that in the middle of the 60 dBZ
core, values are 0.94 to the west and 0.96 to the east. C-band ρHV in Figure 4.14C
drops even farther, down to 0.84. As mentioned during the differential reflectivity
comparison, the C-band is affected more by the melting hail and large raindrops than
S-band. While S-band does show a decrease coinciding with 1 dB values, the same
area drops even below 0.9 in C-band, making resonance such an important aspect of
C-band radar data.
It should be noted that both storms show intense decreases of ρHV to the
west of the storm, being less than 0.8, even in the area of moderate reflectivity factor
values. It is possible that these intensely compact reflectivity factor gradients could
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be causing such artifacts (e.g. beam filling issue, side lobe, etc.) which could cause
the lower values from the hail particles.

4.4.2

Approximately C-band Median ZDR Storm
The storm containing C-band median ZDR values close to the melting region

median value for the dataset occurs on 03/31/2012 at 2206 UTC. This value was
determined to be associated with the hail report on 03/31/2012 at 2206 UTC in
Coxey, AL. Range from ARMOR is 41.0 km wuth an azimuth angle of 294◦ . Range
from KHTX is 101.4 km with an azimuth angle of 262◦ MLH was determined to be
3.2 km and reported hail size is 1.25 in. Unlike the other two storms, this one is
orientated more North to South, and is traveling south by southeast. If the crosssections were taken from West to East, it would not display the certain features when
a storm is cut in half parallel to its trajectory. The vertical cross-sections for this
storm are taken from North to South, with the horizontal axis in the images using
the distance north or south from the ARMOR radar.
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Figure 4.15: Horizontal cross-section of both S-band and C-band polarimetric for
the storm on 03/31/2012 at 2206 UTC. Each one of these were taken from the lowest
available scan that both radar system had, which is 2.1 km. All else is the same as
Figure 4.12

Horizontal reflectivity factor cross-section for the median storm show similar
features. Both Figure 4.15A and 4.15D shows the storm has two different cores with
ZH in the range 50-55 dBZ (relatively low) , one to the north and one to the south.
The hail report is associated with the southern core at (-28 km, 42 km), so any
comparison will focus on that one. Both radar bands have a reflectivity factor core
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of 50 dBZ in roughly the same horizontal dimensions. C-band ZH cross-section does
show the two cores being connected at the 45 dBZ area.
S-band and C-band differ from each other in the comparison of differential
reflectivity and correlation coefficient. In the northern part of the southern 50 dBZ
core, Figure 4.15B has S-band ZDR values at -1 dB, with the rest of the core having
0 dB. C-band ZDR shows much higher values, as seen in Figure 4.15E. Most of the 50
dBZ area has 2 dB while a small area of 3 dB is located on the southern edge. S-band
ρHV has the entire 50 dBZ core at 0.98 (Figure 4.15C) while C-band ρHV (Figure
4.15F) has a gradient from east to west of amounts from 0.96 to 0.92. Both bands
show lowered ρHV values to the west, most likely to be associated with non-uniform
beam filling.
Interestingly, the area most likely to have hail does not raise ZDR as much as
an area of rain or rain/hail mixture. From the S-band figures, the northern part of
the core would be the area most likely to have hail, since this is an area of negative
ZDR values and high ZH values. C-band in this region has lowered ρHV values in the
same area along with 2 dB forZDR . South of this area is a region with 3 dB of C-band
ZDR at (-25 km, 38 km). This rise in C-band ZDR could be associated with a mix of
rain and hail, both of which could be of Mie scattering size in this region.
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Figure 4.16: Vertical cross-section of the S-band data from the 03/31/2012 storm
at 2206 UTC. Cross-section was taken from 26 km west of the ARMOR radar. The
height coordinates are km from the ground with the horizontal coordinates being the
north to south distance from the ARMOR radar. Panel A is reflectivity factor, panel
B is differential reflectivity, and panel C is correlation coefficient. Purple line is the
MLH, which is at 3.2 km for this storm.
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Figure 4.17: Same as Figure 4.16, but for the C-band data of the 03/31/2012 storm.
Coordinates and panel labels are the same as Figure 4.16.

The vertical cross-sections were taken through the core at 26 km west of ARMOR. From Figures 4.16A and 4.17A, both radars see both the northern and southern reflectivity factor cores. This study is focused on the core centered around 40 km
north of the ARMOR radar. S-band ZH imagery (Figure 4.16A) shows a small area
of 50 dBZ below the MLH, almost up to 3 km. C-band ZH imagery (Figure 4.17A)
shows a larger area of 50 dBZ below the MLH, even having an area of 55 dBZ near
the surface. Also, the S-band 45 dBZ has a higher vertical extent than its C-band
counterpart.
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ZDR imagery for this storm shows a greater contrast between the observations
of S-band and C-band interpretations of hail storms. Most of the storm above the
MLH is -1 dB from S-band (Figure 4.16B). As these hail particles fall, negative ZDR
values descend towards the bottom of the radar scan, and overlap the 50 dBZ core.
This negative area is surrounded by 0 dB values, showing the most likely area for hail
to be falling. This differs greatly from the C-band observations (Figure 4.17B). Most
of the storm above the MLH is 0 dB, but melting greatly affects ZDR values below
the MLH. It continues to increase with decreasing height, reaching 4 dB at 1 km.
This disparity continues into the ρHV data for this storm. S-band has a value of
0.98 throughout the entire reflectivity factor core, including the area above the MLH
(Figure 4.16C). The C-band ρHV values are vastly different. From just above the
MLH, ρHV begins to decrease with decreasing height (Figure 4.17C). This continues
on towards the surface, reaching as low as 0.92 at 2 km.
It is rather evident in this storm that melting and resonance are the greatest
factors causing the dissimilar results from these systems. While reflectivity factor
values are similar between the two radars, ZDR and ρHV are extremely different
below the MLH. S-band continues with the negative dB below the MLH, surrounded
by slightly higher values (0 dB) where the hail could be mixing with other hydrometeor
types. C-band increases differential reflectivity and decreases correlation coefficient in
response to the melting effects and Mie scatterers. The lower target size threshold on
Mie scattering for C-band makes both ZDR and ρHV values different than the S-band
results.
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4.4.3

Above C-band ZDR Storm
The final storm to investigate in this study is the one with C-band Median

ZDR values larger than that of the dataset. This occurs on 03/31/2012 at 2115 UTC
in Lester, AL. Range from ARMOR is 51.3 km with an azimuth angle of 318◦ . Range
from KHTX is 97.7 km with an azimuth angle of 274◦ . MLH is at 3.2 km and the
reported hail size is 1 in.

Figure 4.18: Horizontal cross-section of both S-band and C-band polarimetric for
the storm on 03/31/2012 at 2115 UTC. Each one of these were taken from the lowest
available scan that both radar system had, which is 2.4 km. All else is the same as
Figure 4.12.
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This storm is notable in how much different its ZH imagery is from the other
two storms. Figures 4.18A and 4.18C show this storm has a more hook-like shape
similar to that of supercells, with a large area of 60 dBZ in the middle of the core.
C-band shows the 55 dBZ area as one piece from the core to the hook (Figure 4.18C).
Figure 4.18A has the 55 dBZ broken into two different areas in the core of the storm
and in the hook-like structure. It even includes a secondary 60 dBZ area within the
hook.
Within the main core, differential reflectivity is greatly affected in both S-band
and C-band. Figure 4.18B has the S-band ZDR showing -1 dB inside the 60 dBZ core
with the exception of 0 dB around the -1 dB area. This drops even further on the
southern part of the core; with the white area symbolizing ZDR values less than -1
dB. C-band ZDR (Figure 4.18E) shows a area of large ZDR right in the 60 dBZ core,
as high as 6 dB. The rest of the core has high values as well, spots of 5 dB in the
hook and east of the core. C-band values begin to drop in the northwest part of the
cell, to 1 dB within the 50 dBZ area.
Just like differential reflectivity, correlation coefficient shows appreciable differences for both S-band and C-band around the 60 dBZ area. Both radars see a drop
of ρHV not seen in the other cases. Figure 4.18C has ρHV values that drop drastically
on the western side of the core, with areas of less than 0.90 on the outside. Figure
4.18F shows that C-band ρHV most of the storm is less than 0.92. Most, both north
and northwest of the 60 dBZ area, ρHV values drop to the low 0.80s, even going lower
than the scale. The lowest values are likely associated with partial beam filling errors.
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Figure 4.19: Figure 23: Vertical cross-section of the S-band data from the
03/31/2012 storm at 2115 UTC. Cross-section was taken from 37 km north of the
ARMOR radar. The height coordinates are km from the ground with the horizontal
coordinates being the east to west distance from the ARMOR radar. Panel A is reflectivity factor, panel B is differential reflectivity, and panel C is correlation coefficient.
Purple line is the MLH, which is at 3.2 km for this storm.
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Figure 4.20: Same as Figure 4.19, but for the C-band data of the 03/31/2012 storm.
Coordinates and panel labels are the same as Figure 4.19.

From the vertical cross-sections, both radar systems are getting large returns
of reflectivity factor in the core. S-band data (Figure 4.19A) shows the 50 dBZ area
reaching as high as 11 km, much higher than the previous studied storms. There are
two areas of 60 dBZ with the one to the east being completely above the MLH while
the one associated with the hail reaching the surface has a vertical extent to 6 km and
goes all the way down to the lowest available scan. C-band (Figure 4.20A) results
show the core covering less area. The 50 dBZ area only extends up to 9 km. The
eastern 60 dBZ signature is only a couple of small, elevated spots. The hail producing
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core is confined to the lowest 3 km, not making it above the MLH. The ZH images
from both radar systems shows an intense, vigorous storm with high potentential of
developing hail.
ZDR for the radar systems show a greater difference between them than in the
previous storms. The hail core is associated with negative S-band ZDR values (Figure
4.19B). A small sliver of ZDR values less than -1 dB occurs just on the eastern edge
of the 60 dBZ core underneath the MLH. The values begin to increase at the 55
dBZ lines, both west and east. The higher values are most likely due to areas of
rain mixing with hail and then just rain beyond that. C-band radar observes a much
different story. Most of the C-band ZDR in the hail core above the MLH is 0 dB, but
once these particles drop below the MLH, their ZDR increases tremendously (Figure
4.20B). So much so that the C-band ZDR at 1 km above the surface is 8 dB. At -2.4
km, S-band ZDR is negative, with a small area on the eastern side of the core being
less than -1 dB, while C-band ZDR is between 4-5 dB. This intense storm has a much
stronger affect on C-band imagery than S-band.
Lastly, the ρHV images for this storm show just how intense this system is.
From the S-band data (Figure 4.19C), there is an area of lowered ρHV to the east, as
low as 0.92. At the 60 dBZ core, it drops from 0.98 to 0.94 at the lowest elevation.
The lower ρHV values to the east might be associated with vigourous precipitation
associated with a rain/hail mixture that may or may not include targets large enough
to become Mie scatterers in S-band. The hail in the 60 dBZ area is causing such a
similar drop, though not nearly as much as the eastern area. All of the storm from
C-band underneath the MLH has lowered ρHV values (Figure 4.20C). Most of this
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storm in this area has values less than 0.9. Interestingly, the entirety of the 60 dBZ
core has values so low, they do not measure on the scale (i.e. less than 0.80). The
targets here may have been large enough for resonant scattering to greatly affect the
ρHV values, especially since ZDR is so high here as well.

4.4.4

Summary of the Storm Comparison
While each of the three storms contained similar hail sizes, they did show some

interesting results. The below median ZDR storm had very similar values of the dualpolarimetric variables. For example, ρHV in the hail core has C-band being 0.04 less
than S-band in the same location. When the storm has a much higher median ZDR ,
the differences become quite significant. The much more vigorous above median ZDR
storm has ρHV below 0.8 at C-band while S-band only drops to 0.96. These differences
between S-band and C-band are caused and even enhanced by resonance at C-band,
especially with C-band ρHV values decreasing as median C-band ZDR increases.
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CHAPTER 5

CONCLUSION

While dual-polarimetric variables have similar trends going from the scans
high into a storm to the lowest available scan, they have different ranges of values
between S-band and C-band systems for ZDR and ρHV . ZH varies for both systems
above the hail cores. Once the scans get inside of these reflectivity factor cores, ZH
ranges for both wavelengths stay roughly the same throughout the rest of the height,
with median ZH being about 55 dBZ for both radars. ZDR increases for both systems
as the scan descends in height. Above the MLH, mean C-band ZDR is roughly 1 dB
higher than the S-band values. In this same region, mean C-band ρHV is about 0.02
less than S-band.
Below the MLH, the differences really begin to manifest themselves significantly. The melting hail, large raindrops, and other C-band scatters cause the values
of the two radar bands to be significantly different. The middle 50% of C-band radar
ZDR at 2km below the MLH ranges from 2 dB to 4 dB, while S-band only ranges from
1.75 dB to 2.75 dB. C-band ρHV also drops much more significantly than at S-band,
with the middle range for C-band being 0.89 to 0.94 at 2 km below the MLH, while
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S-band ranges from 0.95 to 0.97. Values of the variables from the MLH to below it
are summarized in Table 5.1.
Table 5.1: Table summarizing the statistical calculations performed on the polarimetric variables for both wavelength bands at the MLH (0 km) and below it (-2
km). Header is the variable column, the minimum value, 25th percentile, median,
75th percentile, maximum value, and mean value. Units are provided in the variable
column.
VARIABLE

HEIGHT (km)

MIN

25th

MEDIAN

75th

MAX

AVERAGE

S-band ZH (dBZ)

0

43

51

55

58

70

56

S-band ZH (dBZ)

-2

50

52

55

58

68

56

C-band ZH (dBZ)

0

35

52

54

56

62

55

C-band ZH (dBZ)

-2

50

52

54

56

65

55

S-band ZDR (dB)

0

-1.25

-0.5

-0.3

0.5

3

0

S-band ZDR (dB)

-2

-1.30

0.1

0.75

1.75

4

1

C-band ZDR (dB)

0

-1.25

0.5

0.75

1.5

5.5

1.1

C-band ZDR (dB)

-2

-1.60

2.25

3.2

4

6.75

3.2

S-band ρHV

0

0.81

0.955

0.97

0.985

1.0

0.97

S-band ρHV

-2

0.81

0.955

0.97

0.985

1.0

0.96

C-band ρHV

0

0.72

0.91

0.95

0.97

0.98

0.93

C-band ρHV

-2

0.70

0.86

0.91

0.94

0.97

0.89
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These results are rather similar to those found in Kaltenboeck and Ryzhkov
(2013) and Anderson et al. (2011). All three studies saw an increase of ZDR with
decreasing height for both radar systems as well as a decrease of ρHV with decreasing
height for both systems. While ρHV values were similar across the board, both of
these other studies showed higher median ZDR results for both radar systems below
the MLH, as high as 1 dB for S-band and 0.5 for C-band for Kaltenoeck and Ryzhkov.
This could be from the different number of reports included in this study compared
to the other two, the reflectivity factor threshold used in this study, or different sized
hail despite all being “severe”.
From the three storms, the differences between the two radar systems seem
to be consistent for each scenario. C-band ZDR tended to be higher than S-band
ZDR , greatly increasing at or near the MLH with S-band staying near 0 dB or going
negative. C-band ρHV tended to be lower than S-band, especially at the reflectivity
factor core or in the presence of a 60 dBZ area. The lowered threshold on resonant
sized scatterers makes C-band extremely sensitive to not only hail, but to large raindrops or water-coated hail. This holds up both for moderate storms as well as intense
storms.
The selected storm section concluded that the radars are sensitive to different
properties of hail-producing cells. Within the 50 dBZ core, S-band saw near 0 dB
area and values above 0.98 both above the MLH and below it. This would manifest
as the “ZDR hole” signature, along with slightly higher ZDR values (within a dB or 2)
surrounding it. C-band values were much different. Horizontally, the entire 50 dBZ
core would be covered with ZDR values greater than 2 dB, and ρHV dropping below
94

0.9 in some areas of the core. From the vertical imagery, C-band ZDR increases and
ρHV decreases dramatically below the MLH from the result of the melting effects on
hydrometeor targets along with resonance. Some C-band ZDR values can get as high
as 8 dB below the surface. The storm comparison showed that with greater C-band
ZDR , the greater the differences between S-band and C-band polarimetric variables
are, consistent with the role of resonance. It is easy to determine that using the same
procedures for determining hail-production possibility at S-band cannot be used for
C-band without alterations due to the lower resonant target size.
What is interesting is that though these three cells had different values of
polarimetric variables, they all had the similar sized reported hail. There are several
potential reasons this could happen. The reported hail size could have been erroneous,
or was not detected by a spotter. It could be an effect of storm intensity compared
to the other 2 selected storms. This is something that could and should be explored
in future work by gathering enough storms with a varied enough reported hail size
and compare both radar wavelengths. Could also be an error between report time
and storm evolution at the hail report, which could have caused such differences.
Other future work on this particular topic should include comparisons of different geographical locations, as well as the implementation of KDP in the study.
While this study was performed using an area in the southeastern US, differences in
atmospheric composition and structure from diverse geographic locations could vary
the results. Changing the location of the experiment area could see and determine if
any such discrepancies exist in other locations. KDP would add to the research by
better disclosing areas of mixed precipitation, including the location of any updrafts.
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Not only would these help in identifying different areas of each storm, it would be
valuable to see how this variable differs between the two wavelength bands as well.
It would be intriguing to include radial velocity (VR) between the two bands to see
how they interpret updraft strength.
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